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HIGH VOLUME FLYASH CONCRETEREINFORCED WITH HYBRID 
FIBERS 
 
                                                      ABSTRACT 
 
Concrete in general and high strength concrete with or without flyash exhibit 
brittle behaviour. Substitution of flyash to cement in concrete is a widely 
adopted construction practice underlain by the aim to reduce CO2 emissions. 
Researchers have identified that the addition of fibers to concrete increases the 
ductility and strength. While there is evidence of use of single type of fibers in 
concrete, the use of hybrid fibers in high volume flyash concrete to enhance the 
strength and other properties appears to be lacking. Therefore, an experimental 
investigation has been undertaken to study the high performance high volume 
flyash concrete reinforced with hybrid fibers: steel fibers, polypropylene fibers 
and basalt fibers. These fibers have been used in different percentages and the 
cement in concrete is replaced by 50% class F flyash. Steel fibers are added in 
the order of 0.5% & 1%, polypropylene fibers are added in the order of 0.5% & 
0.75% and basalt fibers are added in the order of 0.5%, 0.75% and 1% by 
volume of concrete. Mix designs were formulated and specimens were cast and 
tested for computing compressive strengths, indirect tensile strengths and 
flexural strengths at various periods from 3 to 56 days. In the experiments, 
hybrid fiber reinforced high volume flyash concrete results were compared with 
the individual fibers which provided good results. Test results show that 
improvement in strength of flyash concrete with hybrid fiber reinforcement (1% 
steel fiber, 0.75% polypropylene fiber and 0.75% basalt fiber) can be quite 
significant as compared to that of individual fibers and other hybrid fiber 
combinations. In the experiments, while using maximum percentages of fibers 
in hybrid combination (by adding steel fiber, Polypropylene fiber and basalt 
fiber together) in a mix, workability is slightly affected. This thesis has 
   
xiv 
 
identified that using hybrid fibers in high volume flyash concrete gives rise to 
enhanced strength characteristics. It is observed that workability is affected 
when fiber percentages exceed 1% limit by volume of concrete. 
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Chapter 1. INTRODUCTION 
 
It is well known that manufacturing of one tonne of Ordinary Portland Cement 
(OPC) absorbs 4GJ energy and produces about 0.75 to 1.0 tonne of CO2 to the 
aerosphere. In order to contribute to a reduction of use of cement worldwide, 
industry wastages like flyash, ground granulated slag; silica fume, rice husk ash 
etc have been initiated by researchers to replace OPC in the concrete. Flyash is 
an industrial by-product procured from burning of coal which is commonly used 
mineral admixture and a valid alternative to cement to improve the concrete 
properties for both fresh and hardened state. An important accomplishment of 
the use of flyash in concrete is the improvement of mechanical properties with 
enhanced durability performance, improved workability of the concrete, less 
bleeding and segregation and reduced water demand, reduced permeability and 
absorption. Use of high volume class F flyash together with portland cement 
content has produced favorable results as far as strength and durability are 
concerned [Malhotra, 1990]. Superplasticizer is used to achieve good 
workability which is used as chemical admixture [Solikin et al, 2010]. Flyash 
acts as a binder which has proved to be more dominant in concrete properties in 
both fresh and hardened state [Oner et al, 2005]. 
 
Concrete in general and high performance concrete in particular is brittle. To 
make the concrete ductile different kinds of fibres can be used.Replacing 
cement by at least 50% or more than 50% of ASTM class F or class C flyash by 
mass is known as high volume flyash concrete which was introduced at 
CANMET in 1980’s [Malhotra, 1990].  
 
Low-calcium flyash has been used in this experimental investigation. Flyash 
results from burning bituminous coal consisting of a major part of glass phase 
with crystalline inclusions, called class F flyash according to ASTM C618 
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[Fraay et al, 1989]. Globally researchers produce high performance concrete 
with the replacement of cement by 50% [Solikin et al, 2013]. 
 
The main focus of this research is the composite comparison of steel fiber, 
polypropylene fiber and basalt fiber as it is a new category of hybrid fiber 
reinforcement in high performance high volume flyash concrete.  Also many 
other researchers have studied incorporating individual fibers in high volume 
flyash concrete to improve the mechanical properties. The use of hybrid fibers 
(steel fiber, polypropylene fiber and basalt fiber) in high performance high 
volume flyash concrete does not appear to be examined.Therefore, this 
experimental investigative study focuses on using hybrid fibres comprising of 
steel fibers combined with polypropylene fibers and basalt fibers in high 
volume class F flyash concrete mixture to enhance the mechanical properties 
with 50% replacement of cement.  
 
1.1 AIM OF THE RESEARCH 
 
The main aim of this investigation is to study the mechanical properties of high 
performance high volume flyash concrete reinforced with hybrid fibers. Tests 
are conducted as per the Australian standards and test results are analysed and 
compared with the control specimen that contains high volume flyash concrete 
with no fibers (non-fibrous concrete), steel fiber reinforced high volume flyash 
concrete, polypropylene fiber reinforced high volume flyash concrete and basalt 
fiber reinforced high volume flyash concrete. With the appropriate 
interpretation of the obtained results, it is conceivable to determine the optimum 
fiber percentage in high performance high volume flyash concrete 
(HPHVFAC).  
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Based on the above discussion, the following research questions have been 
formulated. 
 
1.2 KEY RESEARCH QUESTIONS 
a) How to develop optimum strengths in high volume flyash concrete? 
b) Can fiber (steel fiber, polypropylene fiber and basalt fiber) reinforcement in 
hybrid form in high volume flyash concrete improve the mechanical 
properties in long term performance? 
c) Does the addition of three fibers in hybrid forms affect the workability of 
high volume flyash concrete? 
d) Apart from workability, what is the maximum percentage up to which fibers 
enhance the strength characteristics of high volume flyash concrete? 
 
1.3 RESEARCH OBJECTIVES 
1) Investigating the performance of mechanical properties of high volume 
flyash concrete. 
2) Understanding the performance of mechanical properties of high volume 
flyash concrete with steel fiber, polypropylene fiber and basalt fiber 
individually. 
3) Analyzing the performance of mechanical properties of high volume 
flyash concrete with steel fiber and polypropylene fiber in hybrid form. 
4) Studying the performance of mechanical properties of high volume 
flyash concrete with steel fiber and basalt fiber in hybrid form. 
5) Exploring the performance of mechanical properties of high volume 
flyash concrete with steel fiber, polypropylene fiber and basalt fiber in 
hybrid form. 
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1.4 RESEARCH METHODS 
 
The high performance high volume flyash concrete reinforced with individual 
fibers, hybrid fiber composites specimens and control concrete specimens (non-
fibrous concrete) are tested for, 
 
1) Compression strength test  
2) Indirect tensile strength test  
3) Flexural strength test 
 
Scope of this research is restricted to: 
1) Class F flyash (low calcium). 
2) Study of Mechanical properties. 
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Chapter 2. LITERATURE REVIEW 
2.1 Background 
Concrete is the most widely used construction material and has high 
compressive strength. But it is very brittle due to weak tensile strength, low 
flexural strength and impact strength and has low resistance against cracking. 
Today, industrial and agricultural waste by-products such as flyash, ground 
granulated slag and rice husk ash are used as supplementary cementitious 
materials in concrete. The incorporation of supplementary cementitious 
materials not only improves the mechanical properties of concrete but also 
reduces the cement consumption by replacing part of cement with these 
pozzolanic materials [Ramesh et al, 2013]. Concrete strength increases with 
increasing amount of flyash up to an optimum value, beyond which strength 
starts to decrease with further addition of flyash. As the cement content in the 
concrete mixture increases, hydration product will also increase and hence the 
amount of Ca(OH)2 with which the flyash will enter into increased reaction, 
then an increased amount of C–S–H gel will result, so the flyash will be used 
more efficiently and as well as acts as a binder in both fresh and hardened 
concrete. Flyash/cement ratio is an important factor determining the efficiency 
of flyash in concrete [Oner et al, 2005]. 
 
Basically fibers are of two types.  
Natural organic fibers such as coconut, palm, jute, sisal, banana, pine, 
sugarcane, bamboo, etc. and natural inorganic fibers such as basalt, asbestos, 
carbon, silicon, glass, polypropylene, etc [Vajje and Murthy, 2013]. Fibers 
reinforce a matrix by improving its stiffness or by holding the matrix together 
after it has cracked or by a combination of both these mechanisms [Thomas, 
1972].  
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The conception of high performance concrete was formulated in the early 80’s. 
Based on the data of Japanese scientists, the expected life circle of high 
performance concrete can be up to 500 years. Volume stability, high attrition 
resistance, high chemical resistance, high strength, low absorption, high 
durability and good workability are normal features of high performance 
concrete [Yet et al, 2012]. High performance fiber reinforced cement 
composites are more sensitive to the loading rate than conventional concrete as 
their strength gain is higher for increasing strain rates than for normal concrete 
[Naaman and Gopalaratnam, 1983, Maalej et al, 2005]. 
 
The failure mode of concrete considerably changes from brittle to ductile with 
the addition of steel fibers and the mechanical behaviors of steel fiber reinforced 
high-performance flyash concrete is significantly improved. The addition of 
steel fibers in concrete mix significantly improves the mechanical properties of 
high performance flyash concrete under static and dynamic loadings. Under the 
same pressure and approximately same loading strain-rate, the plain high 
performance flyash concrete may fail in a single impact while the steel fiber 
reinforced high-performance flyash concrete can resist repeated impacts before 
failure and also the strain rate has great influence on concrete strength and 
toughness energy is proportional to the fiber content in both static compressions 
and dynamic compressions. The plain concrete may fail under low-strain-rate 
single impact whereas the fibrous concrete can resist impact at high strain rate 
loading. Due to fibers spreading uniformly in the mixture of high performance 
concrete, the bridging system in the steel fiber reinforced high-performance 
flyash concrete made the fibrous specimens essentially intact and bind well to 
each other [Yet et al, 2005]. 
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2.2 Characteristics of High volume flyash concrete 
Flyash is the by-product of the combustion of pulverized coal and is collected 
by mechanical and electrostatic separators from the fuel gases of power plants 
where coal is used as a fuel and the disposal of flyash is one of the major issues 
for environmentalists as dumping of flyash as a waste material may cause 
severe environmental problems/hazards. The use of high volume class F flyash 
as a partial replacement of cement in concrete decreased its mechanical 
properties, modulus of elasticity and abrasion resistance of the concrete. The 
utilization of flyash instead of dumping it as a waste material can be partly used 
on economic grounds as pozzolana for partial replacement of cement and partly 
because of its beneficial effects such as lower water demand for similar 
workability, reduced bleeding, and lower evolution of heat and has been used 
particularly in mass concrete applications and large volume placement to 
control expansion due to heat of hydration and also helps in reducing cracking 
at early ages [Siddique, 2004]. 
 
80% of Class F flyash can be suitably used as cement replacement in concrete 
by using a rational mixture proportions. The compressive and flexural strength 
of the high volume flyash concrete mixtures demonstrated continuous and 
significant improvement at late ages of 91 and 365 days [Huang et al, 2013]. 
 
Class F flyash may replace 50% of the portland cement and could result in 
improving resistance to chloride initiated corrosion but such replacement 
however may significantly reduce the values of the mechanical properties 
[Kayali and Ahmed, 2013]. 
High-performance concrete with moderate and high strength and low 
temperature rise could be produced using high volumes of flyash as cement 
replacement resulting in a reduction in the maximum temperature rise and also 
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increasing the replacement level of flyash caused lower temperature rise in 
concrete [Atis, 2002]. 
2.3 Effect of fiber reinforcement in concrete 
The most significant role of fiber reinforcement lies in increasing the post-
cracking properties of ductility, tensile strain capability and energy absorption 
capacity. The increase in flexural modulus is nominal but the resulting crack 
control and strain capability can be used in design to enhance the serviceability 
behavior of conventional structural members by the provision of a fiber tensile 
skin. Fiber reinforcement increases the onset of flexural cracking and increasing 
the post-cracking properties of ductility, tensile strain capability and energy 
absorption capacity [Swamy and Mangat, 1975]. 
 
The function of fibers as secondary reinforcement in concrete is mainly to 
inhibit crack initiation and propagation and improve the mechanical properties 
of concrete [Luo et al, 2000] such as compressive strength, tensile strength, 
flexural strength, impact resistance and toughness. Addition of fibers provides 
better performance for the concrete while flyash in the mixture may adjust the 
workability and improve strength gain [Topcu and Canbaz, 2007]. 
 
2.4 Effect of steel fibers in concrete 
 
Targets made of high-performance steel fiber-reinforced concrete which was 
produced by fluidized mortar, steel fibers and casting process of mortar 
infiltrating and vibrating, were subject to high velocity impact of projectile and 
compared with those targets made of reinforced high strength concrete. When 
impacted by projectiles at high speed, the reinforced high strength concrete 
targets exhibited smash failure, while high performance steel fiber reinforced 
concrete targets remained intact with several radial cracks in the front faces 
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penetrated by projectiles and some minor cracks in the side faces. The 
projectiles were either embedded in or rebounded from high performance steel 
fiber reinforced concrete targets.Behaviors of high performance steel fiber 
reinforced concrete to resist impact was much better than that of reinforced high 
strength concrete [Nataraja et al, 1999]. 
 
The addition of steel fibers increased the strain corresponding to the peak stress, 
strain capacity and the elastic deformation capability of the concrete matrix in 
the pre-failure zone which are increased considerably with the inclusion of 
steel-fibers. Increase in peak strain is maximum for fibers having higher volume 
fraction and for higher aspect ratios as both ascending and descending portion 
of the stress-strain curves are affected by the addition of steel-fibers. However, 
a significant effect is noticed in the descending portion of the stress-strain curve 
and a deviation of about 8-10% was observed in compressive strength results of 
few samples, especially in the higher volume fraction of steel-fiber. The slope 
of the descending part of the stress- strain curve, decreases with increase in fiber 
content at a constant aspect ratio and with increase in aspect ratio for constant 
volume fraction (fiber content), so the addition of crimped steel-fibers to 
concrete increases the toughness considerably [Nataraja et al, 1999] and leads to 
slight decrease in the compressive strength of concrete [Giner et al, 2012]. 
 
The equivalent bond strength of straight steel fibers, which are commonly used 
in ultra-high performance fiber reinforced concrete, can be doubled by 
optimizing the ultra-high performance concrete matrix through composition and 
particle size distribution, leading to typical pullout load slip hardening behavior 
which is desirable for high tensile strength, high energy absorbing and strain 
hardening of concrete [kay and Naaman, 2012]. 
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2.5 Effect of polypropylene fibers in concrete 
 
Being the member of polymer fibers, polypropylene fiber captivated the most 
recognition among the academic experimenters and researchers because of its 
enhanced shrinkage cracking resistance, low cost and its excellent toughness in 
the concrete [Qian and Stroeven, 2000, Banthia and Gupta, 2006,Alhozaimy et 
al, 1996, Toutanji, 1999,  Yao et al, 2003].  Polypropylene fibers improve the 
failure impact resistance of concrete and were observed to have no statistically 
significant effects on compressive or flexural strength of concrete, while 
flexural toughness and impact resistance showed an increase in the presence of 
polypropylene fibers in the concrete [Alhozaimy et al, 1996, Bagherzadeh et al, 
2012]. 
Addition of polypropylene fiber has greatly improved the durability of the 
concrete composite containing flyash and silica fume but has a little adverse 
effect on the workability of concrete composite containing flyash and silica 
fume. In addition water permeability, the dry shrinkage strain and the 
carbonation depth of concrete containing flyash and silica fume decrease 
gradually with the increase of fiber volume fraction. With the increase of fiber 
volume fraction, both the slump and slump flow decrease gradually and the 
addition of polypropylene fiber has greatly improved the durability of the 
concrete composite containing flyash and silica fume. Freeze–thaw resistance of 
polypropylene fiber reinforced concrete containing flyash and silica fume was 
found to slightly increase when compared to the concrete composite without 
fibers. Moreover, there is a tendency of increase in the freeze–thaw resistance 
with the increase of fiber volume fraction [Zhang and Li, 2013].  
A large number of polypropylene fibers distributed uniformly in the concrete 
composite can form a grid structure, which has supporting effect on the 
aggregate and decrease bleeding and segregation of the fresh concrete mixture 
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[Bagherzadeh et al, 2012]. A certain content of fine particles such as flyash is 
necessary to evenly disperse the hybrid fibers containing polypropylene fibers. 
The micromechanical feature of crack bridging is operative from early stages of 
damage evolution to beyond ultimate loading [Qian and Stroeven, 2000]. 
Polypropylene fiber has reduced plastic shrinkage [Banthia and Gupta, 2006, 
Filho and Sanjuan, 1999] and has effectively improved concrete’s compressive 
strength, modulus of rupture [Song et al, 2005], enhances the long-term 
durability of concrete [Hannant, 1998], spalling resistance [Han et al, 2005], 
split tensile strength [Song et al, 2005, Choi and Yuan, 2005], flexural strength, 
bonding strength, dynamic performance, and fatigue life, while reduced the 
water penetration and abrasion mass loss. Polypropylene fiber specially alters 
the microstructure of concrete, reduces the crystallization and orientation of 
Ca(OH)2 and contracts micro-voids and also forms a network that restricts the 
extension of Ca(OH)2, bridges cracking, reallocates stresses thus condensing the 
microstructure of concrete [Sun and Xu, 2009]. 
The addition of polypropylene fibres to high-performance concrete is one way 
to avoid spalling of concrete under fire conditions [Kalifaa et al, 2001]. 
Presence of flyash and polypropylene fiber in concrete regardless of separately 
or together reduces drying shrinkage. The influence of polypropylene fiber in 
flyash concrete is found to be insignificant on compressive strength. 
Polypropylene fiber decreases the workability of the concrete but, 
polypropylene fiber addition, either into portland cement concrete or flyash 
concrete, did not improve the compressive strength but the positive interactions 
between polypropylene fibers and flyash lead to the lowest drying shrinkage of 
fibrous concrete with flyash as it increased the freeze–thaw resistance more than 
only the polypropylene fibers did [Karahan and Atis, 2011].  
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Fiber reinforced concrete that included high volume flyash achieved twice the 
values of compressive strength and tensile strength than concrete without 
flyashresulting in large increases in its mechanical characteristics.Polypropylene 
fibers resulted in gains up to 50% while steel fiber achieved gains up to more 
than 100% where this enhancement is believed to be due to the microstructural 
modification and densification in the transition zone between the matrix and the 
fibers [Kayali, 2004]. 
 
2.6 Effect of basalt fibers in concrete 
 
Basalt fibers are manufactured from basalt rocks through melting process as the 
basalt rocks are finely fractionated into small particles that it becomes possible 
to produce into a form of fibers and have better tensile strength, greater failure 
strain than the carbon fibers as well as good resistance to chemical attack, 
impact load and fire with less poisonous fumes [Sim et al, 2005] and basalt 
fibers has three times asbestos heat insulating properties [Kogan and Nikitina, 
1994].  
 
The addition of basalt fibers in concrete can significantly improve deformation 
and energy absorption properties, tensile strength, flexural strength and 
toughness index while there is no notable enhancement in dynamic compressive 
strength [Li and Xu, 2009, Jiang et al, 2014]. Addition of basalt fibers up to 2% 
fiber volume together with mineral admixtures improved the compressive 
strength and the improvement in the strains corresponding to maximum 
compressive strength [Ayub et al, 2014]. 
Degradation of basalt fiber in concrete can be found under microstructure 
analysis showing that basalt fiber disintegrates into smaller parts which differs 
from its original form. Steel fiber is better as a strengthening material in high 
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volume flyash concrete but the addition of basalt fiber resulted in decrease in 
compressive strength. The fracture energy and flexural strength on the other 
hand improved with the addition of basalt fiber. As the basalt fiber content 
increased, the concrete showed higher ultimate loads, higher fracture energy 
values, larger deflections before failure [Kabay, 2014]. 
The basalt fiber strengthening improved both the yielding and the ultimate 
strength up to 27% and it will be a good alternative methodology among other 
fiber reinforced polymer strengthening systems [Sim et al, 2005] and also basalt 
fibers are more efficient in strengthening and toughening the geo-polymeric 
concretes than ordinary portland cement concretes only for higher fiber 
concentrations and this difference in behavior is probably related to the nature 
of the bond between fiber and matrix [Dias and Thaumaturgo, 2005]. 
The use of ultra-fine flyash and the use of lime water respectively become 
important factors to increase compressive strength of high volume flyash 
concrete. Moreover the use of basalt fibre decreases the compressive strength of 
concrete due to its lower volumetric stability in alkali environment [Solikin et 
al, 2013]. 
 
2.7 Advantages of hybrid fiber system 
 
In a composite system, one fiber type is stiffer and stronger that improves the 
crack stress and the other which are more ductile, provide advantage to 
improved toughness in the post cracking area. Hybrid composites of three 
composites were constructed using fiber combinations of polypropylene fibers 
and carbon fibers, carbon fibers and steel fibers, steel fibers and polypropylene 
fibers. Fibers, when used in a hybrid form, could result in superior composite 
performance compared to their individual fiber-reinforced concretes. There is a 
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concerted effort in the hybrid fiber system and it contains at least two or more 
types of fibers of dissimilar sizes and shapes. Among the types of hybrids, the 
carbon–steel combination gave concrete of the highest strength and flexural 
toughness because of the similar modulus and synergistic interaction between 
the two reinforcing fibers [Yao et al, 2003]. So the Inclusion of hybrid fibers in 
concrete withstands and improves the toughness in concrete.  
 
The hybrid fibers of different types and sizes could reduce the size and amount 
of crack source at different scales and the pore structure of concrete matrix was 
improved [Sun et al, 2001].  
 
2.8 Effect of Hybrid fiber system in concrete 
Hybrid fibres are to control cracks at different size levels, in different zones of 
concrete at different curing ages and at different loading stages. The large and 
the strong fibres control large cracks. The small and soft fibres control crack 
initiation and propagation of small cracks [Qian and Stroeven, 2000]. 
 
The performance under impact loads in hybrid fiber reinforced concrete in 
which polypropylene fiber was more effective than glass fiber in the hybrid 
fiber reinforced concrete [Yildirim et al, 2010]. Hybrid combination of steel 
fiber and polypropylene fiber enhances the resistance to both nucleation and 
growth of cracks, and that such fundamental fracture tests are very useful in 
developing high performance hybrid fiber composites [Banthia and 
Nandakumar, 2003]. 
 
The hybrid (steel and polypropylene) fiber-reinforced concrete provides less 
significant improvement on the strength and the percentage increase than the 
steel fiber-reinforced concrete (Dunnet’s calculations), improves a little higher 
reliabilities of the first-crack and failure strengths than the steel fiber-reinforced 
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concrete (Kaplan–Meier analysis), hardly followed the normal distributions on 
the two strengths and the percentage increase (Kolmogorov–Smirnov test) and 
showed smaller variation in the two strengths, although larger scatter in the 
percentage increase was observed in the number of post-first-crack blows, 
compared to those of the steel fiber reinforced concrete [Song et al, 2005]. 
Cement-based composites can be produced using a mixture of organic and 
inorganic fibres which exhibit the advantages of both. The high impact strength 
derived from nylon and polypropylene will remain stable over very long periods 
of time in normal use. Improved behavior in bending may be obtainable with 
organic fibres by improving the stress transfer to the fibres and by using higher 
volume fractions [Walton and Majumdar, 1975]. Addition of steel fibers 
generally contribute towards the energy absorbing mechanism (bridging action). 
Compared to other hybrid fibre reinforced concretes, the flexural toughness of 
steel–polypropylene hybrid fibre concretes was comparable to steel fibre 
concrete. Increased fibre availability in the hybrid fibre systems (due to the 
lower densities of non-metallic fiber), in addition to the ability of non-metallic 
steel fiber to bridge smaller micro cracks are suggested as the reasons for the 
enhancement in mechanical properties [Sivakumar and Santhanam, 2007]. 
 
From the above literature review, it is clear that steel fiber (high modulus fiber) 
which is stronger and stiffer improves the concrete strength, while 
polypropylene fiber (low modulus fiber) has the capacity to strengthen brittle 
cementitious materials and is more flexible and has the property to retain heat 
for a prolonged time which leads to improved toughness, and strain capacity in 
the post-cracking section and retard early cracks. Basalt fiber which is high in 
oxidation resistance and radiation resistance, fracture energy and abrasion 
resistance leads to increase in the flexural strength. So considering the 
properties and advantages of steel fiber, polypropylene fiber and basalt fiber 
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individually and in hybrid form, the combination in hybrid fiber system in 
which the presence of three fibers (steel fiber, polypropylene fiber and basalt 
fiber) together in high performance high volume flyash concrete may increase 
and exhibit excellent mechanical properties including compressive strength, 
indirect tensile strength, flexural strength and may with-hold the toughness 
property of the concrete after ages, may increase the deformation capability and 
load-bearing capacity, may improve the micromechanical characteristics of 
bridging the crack from initial stages, may improve the impact, fatigue and wear 
strength, may improve the load carrying capacity of the structure and structural 
stiffness. Therefore, a complete composition of these three complementary 
fibers together can arrest first crack and build superior mechanical properties in 
high volume flyash concrete and these factors made to select these three fibers 
as a main reason for this phenomenon. 
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Chapter 3.EXPERIMENTAL INVESTIGATION 
3.1 Materials 
Cement 
GP cement is used in the experiment as per Australian standard classification. 
Flyash 
Flyash from Tarong power plant as per Australian standard conform to AS 
3582.1 is used. It is classified as low calcium flyash or ASTM class F flyash as 
the sum of SiO2 + Al2O3 + Fe2O3 is more than 70% and the CaO content of the 
flyash is less than 10%. Particle size of flyash is ≤7 micron in diameter given by 
the supplier. Chemical compositions of binders are presented in Table 1. 
 
Table 1: Chemical composition of binders. 
(a) 
ASTM class F flyash 
Oxides Proportion 
SiO2 65.9 
Al2O3 28.89 
Fe2O3 0.38 
TiO2 1.97 
MgO 0.15 
CaO  0.06 
Na2O  0.05 
K2O  0.26 
P2O5 0.08 
SO3 0.03 
LOI   1.24 
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(b) 
Portland cement 
Chemical name Proportion 
Portland cement (Clinker) <97% 
Slag 0-80% 
CaSO42H2O 
3-8% 
CaCO3 (limestone) 0-7.5% 
Ca(OH)2 (lime) (where applicable) 0-50% 
Flyash (where applicable) 0-50% 
Crystalline silica (Quartz) <1% 
Hexavalent chromium (Cr VI) <10 ppm 
 
 
(c) 
Lime powder 
Chemical entity 
Proportion 
Calcium Oxide  90 - 95% 
Magnesium Oxide  0.5 - 1.5% 
Calcium Carbonate  1.0 - 5.0% 
Aluminium Oxide  0 - 1.0% 
Crystalline Silica (Quartz)  < 1% 
Silicon Dioxide  1 - 2.0% 
Hexavalent Chromium  < 1 ppm 
Iron Oxide < 0.5% 
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Fine aggregate 
The fine aggregate (sand) used was natural river sand. 
Coarse aggregate 
The hard broken granite stone passing through 12 mm sieve and retained on 10 
mm sieve was used as the coarse aggregate with the specific gravity of 2.70 and 
graded as per AS 1141.3.1. Material properties of aggregate is shown in Table 
2. 
Table 2: Material properties of aggregate. 
 Properties  
Fine 
aggregate   
Coarse 
aggregate 
Specific 
gravity(SSD) 
2.6 2.89 
Water absorption 0.80% 0.40% 
 
 
Super plasticizer 
The water reducing admixture – Napthalene Formaldehyde Sulphonate 
(Sikament) was used in all mixing in the experimental work. 
Lime powder – Used to improve the alkali substance in HVFAC. 
 
Water 
The normal tap water is used for mixing the concrete throughout the 
experimental work having density of 0.9908 and pH value of 7.3. 
 
3.2 Fibers 
Three types of fibers have been used in this investigation as listed below: 
1) Steel fiber 
2) Polypropylene fiber (Fibrillated) 
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3) Basalt fiber 
Table 3: Mechanical and physical properties of fibers 
Property Steel fiber 
Polypropylene 
fiber 
Basalt fiber 
Length (mm) 40  20 12 
Diameter 0.3mm 100 µm 20µm 
Tensile strength 
(MPa) 
2100 450 3000- 4840 
Specific gravity 7.6 0.9 2.65-2.8 
Elastic modulus 
(GPa) 
160 5 93 - 110 
Density (g/cm3) 7.8 0.9 1.75 
 
The steel fibers are added in the order of 0.5% and 1% by volume of concrete, 
polypropylene fibers are added in the order of 0.5% and 0.75% by volume of 
concrete and basalt fibers are added in the order of 0.5%, 0.75% and 1% by 
volume of concrete. Mechanical and physical properties of fibers are given in 
Table 3. 
 
3.2.1 Hybrid fiber system in concrete 
Hybrid Fiber Reinforced Concrete (HFRC) is a category of fiber reinforced 
concrete characterized by its composition and when fibers are used in a hybrid 
form it acts as a resistance builder and could result in superior composite 
performance compared to the individual fiber-reinforced concretes.  
Hybridization of fibers in fiber reinforced concrete can be achieved in different 
ways, such as by combining different lengths, diameters, modulus and tensile 
strength of fibers. Fiber volume in the concrete mixes, Concrete mixture 
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proportions, batch weight and Fiber quantity used in each mix (kg) are shown in 
Table 4, Table 5, Table 6 and Table 7. 
 
Table 4: Fiber volume in the concrete mixes 
 
Sl.no 
Mix 
No 
Fibers 
Steel 
fiber 
Polypropylene 
fiber 
Basalt 
Fiber 
1 C 0% 0% 0% 
2 S1 0.50% 0% 0% 
3 S2 1% 0% 0% 
4 P1 0% 0.50% 0% 
5 P2 0% 0.75% 0% 
6 B1 0% 0% 0.50% 
7 B2 0% 0% 0.75% 
8 B3 0% 0% 1% 
9 X1 0.50% 0.50% 0.50% 
10 X2 0.50% 0.75% 0% 
11 X3 0.50% 0.75% 0.75% 
12 X4 0.50% 0% 1% 
13 Y1 1% 0.50% 0.50% 
14 Y2 1% 0.75% 0% 
15 Y3 1% 0.75% 0.75% 
16 Y4 1% 0% 0.75% 
17 Y5 1% 0% 1% 
18 Y6 1% 1% 1% 
 
 
   
22 
 
Table 5: Concrete mixture proportions 
Flyash 50 % 
Cement 50 % 
Total binder content 450 kg/m3 
Flyash content 225 kg/m3 
Cement content 225 kg/m3 
Coarse aggregate 66 kg/m3 
Fine aggregate 46 - 47 kg/m3 
Lime powder 5 % 
W/B ratio 0.3 
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Table 6: Batch weight 
  
Concrete Volume 0.063 m3 
Mix 
Cement 
(kg) 
Flyash 
(kg) 
Water 
(L) 
Fine aggregate 
(kg) 
10mm coarse 
aggregate 
(kg) 
Super plasticizer (L) 
lime powder 
(kg) 
C 14.15 14.15 8.74 47.36 66 0.41 1.41 
S1 14.15 14.15 8.74 47.18 66 0.59 1.41 
S2 14.15 14.15 8.74 47.26 66 0.41 1.41 
P1 14.15 14.15 8.74 46.95 66 0.41 1.41 
P2 14.15 14.15 8.74 46.7 66 0.47 1.41 
B1 14.15 14.15 8.74 47.22 66 0.41 1.41 
B2 14.15 14.15 8.74 47.15 66 0.41 1.41 
B3 14.15 14.15 8.74 47 66 0.41 1.41 
X1 14.15 14.15 8.74 46.63 66 0.59 1.41 
X2 14.15 14.15 8.74 46.65 66 0.47 1.41 
X3 14.15 14.15 8.74 46.44 66 0.47 1.41 
X4 14.15 14.15 8.74 47 66 0.41 1.41 
Y1 14.15 14.15 8.74 46.63 66 0.53 1.41 
Y2 14.15 14.15 8.74 46.65 66 0.41 1.41 
Y3 14.15 14.15 8.74 46.31 66 0.59 1.41 
Y4 14.15 14.15 8.74 46.97 66 0.53 1.41 
Y5 14.15 14.15 8.74 46.86 66 0.59 1.41 
Y6 14.15 14.15 8.74 46 66 0.59 1.41 
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Table 7: Fiber quantity used in each mix (kg) 
Mix 
Fibers % Fibers used in each mix (kg) 
Steel fiber 
Polypropylene 
fiber 
Basalt Fiber 
Steel fiber 
(kg) 
Polypropylene 
fiber(kg) 
Basalt fiber 
(kg) 
C 0% 0% 0% 0 0 0 
S1 0.50% 0% 0% 0.142 0 0 
S2 1% 0% 0% 0.283 0 0 
P1 0% 0.50% 0% 0 0.142 0 
P2 0% 0.75% 0% 0 0.212 0 
B1 0% 0% 0.50% 0 0 0.142 
B2 0% 0% 0.75% 0 0 0.212 
B3 0% 0% 1% 0 0 0.283 
X1 0.50% 0.50% 0.50% 0.142 0.142 0.142 
X2 0.50% 0.75% 0% 0.142 0.212 0 
X3 0.50% 0.75% 0.75% 0.142 0.212 0.212 
X4 0.50% 0% 1% 0.142 0 0.283 
Y1 1% 0.50% 0.50% 0.283 0.142 0.142 
Y2 1% 0.75% 0% 0.283 0.212 0 
Y3 1% 0.75% 0.75% 0.283 0.212 0.212 
Y4 1% 0% 0.75% 0.283 0 0.212 
Y5 1% 0% 1% 0.283 0 0.283 
Y6 1% 1% 1% 0.283 0.283 0.283 
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3.2.2 Mixing, Casting and Curing of test specimens 
 
The methodology for concrete mixing involved the following: 
1) Aggregates and sand were washed with water and completely dried. Then 
both were placed in the concrete mixer and dry mixed for 2 minutes.  
2) Cement, flyash and lime powder were added in the mixer with aggregates 
and sand and dry mixed for 2 minutes. 
3) Then fibers (steel fiber, polypropylene fiber and basalt fiber) were added 
one after another and dry mixed for 1 minute. Then normal water (85%) 
is added and mixed for approximately 2 minutes.  
4) Remaining mixing water (15%) and plasticizer were added to the mixer 
and mixed for 3 minutes. Then the mixed concrete was tested for slump 
and cast into the specimen moulds and vibrated simultaneously in the 
vibrator for 1 minute to remove any air remained entrapped mainly to 
avoid voids. Each specimen was allowed to stand for 24 hours in concrete 
laboratory before demolding.  
 
Concrete was mixed using a tilting type mixer and specimens were cast using 
steel moulds. After concrete cast, moulds were kept in the table vibrator and 
compacted well. Then specimens were demoulded 24 hours after casting and 
cured in water tank until the testing age of 3 days, 7 days, 14 days, 28 days and 
56 days. The specimens were numbered as per the nomenclature before being 
placed under water for curing to easily identify. 
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Concrete specimens 
The cylindrical specimens have dimensions of 100mm diameter x 200mm 
lengthfor compressive strength test,150mm diameter x 300mm length for 
indirect tensile strength test and beam specimens of 350 mm x 100 mmx 100 
mm for flexural strength test.  
 
The number of specimens used for this research are: 
Compressive strength tests - 270 cylinders. 
Indirect tensile strength tests -54 cylinders. 
Flexure strength tests -54 beams.  
 
3.3 TEST METHODS AND PROCEDURE 
 
Mechanical property tests will cover compressive strength test, indirect tensile 
strength test and flexural strength test. 
3.3.1 Compressive strength test (as per AS 1012.9) 
The compressive strength test was carried out in accordance with Australian 
standard (AS 1012.9, 1999) using MTS machine having a loading capacity of 
1000kN and a loading rate of 20 + 2 MPa/minute. Three cylindrical specimens 
(100mm diameter x 200mm length) were tested for compressive strength at the 
age of 3 days, 7 days, 14 days, 28 days and 56 days after casting. The average 
result of the three cylindrical specimens is reported. 
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The compressive strength of the specimen was calculated using Equation 1. 
A
F

     ……. (Equation 1)
 
Where:  
 =  Compressive strength (MPa) 
F =  Force applied (N) 
A = Cross sectional area (mm2) 
 
3.3.2 Indirect tensile strength(as per AS 1012.10) 
The Indirect tensile strength test was carried out in accordance with Australian 
standard (AS 1012.10, 2000) using MTS machine with a loading capacity of 
1000kN and a loading rate of 1 + 0.1 MPa/minute provided with indirect tensile 
strength test equipment. Three cylindrical specimens (150mm diameter x 
300mm length) were tested for flexural strength at the age of 28 days after 
casting.  The average result of the three cylindrical specimens is reported. 
The indirect tensile strength (T) of the specimen was calculated using the 
Equation 2,  
LD
P
T

2000

…………(Equation 2)
 
 
Where: 
T =  Indirect tensile strength (MPa) 
P =  Maximum applied force indicated by the testing machine (kN) 
L =  Length (mm)  
D =  Diameter (mm) 
 
   
28 
 
The indirect tensile strength is used to assess the concrete tensile strength.  
 
 
 
 
 
 
 
 
 
 
Figure 1: Indirect tensile strength apparatus (AS 1012.10, 2000) 
 
3.3.3 Flexural strength test - Four point bending test(as per AS 1012.11) 
The Modulus of rupture development of concretetest was carried out in 
accordance with Australian standard (AS 1012.11, 2000) using hydraulic MTS 
testing machine having a loading capacity of 1000kN. Three beam specimens 
were tested for flexural strength until the maximum load is reached at the age of 
28 days after casting. The average result of the three beam specimens is 
reported. 
The modulus of rupture (fcf) of the specimen was calculated using the Equation 
3. 
 
2
1000
BD
PL
fcf 
  ………… (Equation 3)
 
Where: 
fcf =  Modulus of rupture (MPa) 
P = Maximum applied force indicated by testing machine (kN)  
   
29 
 
L = Span length (mm)  
B =  Average width of specimen at the section of failure (mm) 
D =  Average depth of specimen at the section of failure (mm). 
 
The modulus of rupture (fcf) is used to find the tensile strength of the concrete. 
The correlation between the modulus of concrete rupture and its tensile strength 
(fct) based on Australian Standard (AS 3600, 2009)article 3.1.1.3 (a) as in 
Equation 4. 
cfct ff 6.0  ……………. (Equation 4)
 
Where: 
fct =  the uniaxial tensile strength (MPa) 
fcf =  the modulus of rupture in accordance with AS 1012.11 (MPa) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Flexural testing apparatus (as per AS 1012.11, 2000) 
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Table 8: Summary of Compressive strength of fiber reinforced high volume flyash concrete
Sl.no 
Mix 
No 
Fibers Compressive strength (MPa) Relative strength to control concrete (%) 
Steel 
fiber 
Polypropylene 
fiber 
Basalt 
Fiber 
3 days  7 days  
14 
days  
28 
days  
56 
days  
3 days  7 days  
14 
days  
28 
days  
56 
days  
1 C 0% 0% 0% 23.1 25.2 28.7 30.5 32.9 0 0 0 0 0 
2 S1 0.50% 0% 0% 28.2 31.6 34.8 38.2 40.4 22 25.3 22 25.1 22.5 
3 S2 1% 0% 0% 31.2 35.3 39.0 43.8 46.9 35 40 35.8 43.3 42.4 
4 P1 0% 0.50% 0% 29 34.7 39.4 43.1 45.2 25.5 37.9 37.3 41.1 37.2 
5 P2 0% 0.75% 0% 33.6 36.5 40.2 45.9 46.1 45 45.1 39.8 50.1 39.8 
6 B1 0% 0% 0.50% 30.6 33.6 36.1 39.9 42.5 32.4 33.3 25.7 30.5 28.9 
7 B2 0% 0% 0.75% 31.3 35.6 38.8 41.3 44.3 35.3 41.4 35.1 35.1 34.5 
8 B3 0% 0% 1% 33.2 37.7 39.2 42.2 43.9 43.7 49.8 36.6 38.1 33.3 
9 X1 0.50% 0.50% 0.50% 30.5 33.3 41.2 43.3 47.3 32 32.1 43.5 41.6 43.4 
10 X2 0.50% 0.75% 0% 30.1 33.1 37.1 42.2 46.8 30.2 31.5 28.9 38.2 42.1 
11 X3 0.50% 0.75% 0.75% 40.7 44.2 47.4 50.3 53.5 75.9 75.3 65 64.6 62.4 
12 X4 0.50% 0% 1% 29.5 33.1 36.4 40.5 43.4 27.7 31.1 26.8 32.6 31.9 
13 Y1 1% 0.50% 0.50% 33.5 37.3 44.9 49.5 52.2 45.1 48.2 56.3 62.1 58.4 
14 Y2 1% 0.75% 0% 33.6 36.6 40.9 45.1 47.9 45.4 45.3 42.4 47.5 45.4 
15 Y3 1% 0.75% 0.75% 42.3 46.8 49.9 53.6 56.7 82.7 85.9 73.7 75.3 72.2 
16 Y4 1% 0% 0.75% 33.1 41.1 46 47 48.3 42.8 63 60.1 53.7 46.4 
17 Y5 1% 0% 1% 36.9 44.7 47.1 50.1 52.6 59.5 77.3 63.7 64.1 59.5 
18 Y6 1% 1% 1% 35.1 38.1 43.1 47.7 48.1 51.5 51.3 49.9 56.1 45.9 
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4.1.1 Experimental results of compressive strength test of concrete 
In this section, compressive strength results obtained from individual fiber 
reinforced high volume flyash concrete specimens and hybrid fiber reinforced 
high volume flyash concrete are discussed. Summary of compressive strength 
results of fiber reinforced high volume flyash concrete is given in Table 8. 
4.1.1.1Experimental results of compressive strength test of concrete using 
individual fibers. 
Effect of 0.5% steel fiber in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% Steel fiber was found to have been increased by 21.9%, 
25.3%, 21%, 25.1% and 22.5% in 3 days, 7 days, 14 days, 28 days and 56 days 
respectively compared to partial replacement of cement with 50% flyash 
without adding fibers. 
Effect of 1% steel fiber in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 1% Steel fiber was found to have been increased by 35%, 40%, 
35.8%, 43.3% and 42.4% in 3 days, 7 days, 14 days, 28 days and 56 days 
respectively compared to partial replacement of cement with 50% flyash 
without adding fibers. 
Effect of 0.5% polypropylene fiber in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% polypropylene fiber was found to have been increased by 
25.5%, 37.9%, 37.3%, 41.1% and 37.2% in 3 days, 7 days, 14 days, 28 days and 
56 days respectively compared to partial replacement of cement with 50% 
flyash without adding fibers. 
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Effect of 0.75% polypropylene fiber in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 0.75% polypropylene fiber was found to have been increased by 
45%, 45.1%, 39.8%, 50.1% and 39.8% in 3 days, 7 days, 14 days, 28 days and 
56 days respectively compared to partial replacement of cement with 50% 
flyash without adding fibers. 
Effect of 0.5% basalt fiber in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% basalt fiber was found to have been increased by 32.4%, 
33.3%, 25.7%, 30.5% and 28.9% in 3 days, 7 days, 14 days, 28 days and 56 
days respectively compared to partial replacement of cement with 50% flyash 
without adding fibers. 
Effect of 0.75% basalt fiber in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 0.75% basalt fiber was found to have been increased by 35.3%, 
41.4%, 35.1%, 35% and 34.5% in 3 days, 7 days, 14 days, 28 days and 56 days 
respectively compared to partial replacement of cement with 50% flyash 
without adding fibers.  
Effect of 1% basalt fiber in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 1% basalt fiber was found to have been increased by 43.7%, 
49.8%, 36.6%, 38% and 33.3% in 3 days, 7 days, 14 days, 28 days and 56 days 
respectively compared to partial replacement of cement with 50% flyash 
without  adding fibers.  
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4.1.1.2 Experimental results of compressive strength test of concrete using 
hybrid fibers. 
Effect of 0.5% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber 
in hybrid form in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber 
in hybrid form was found to have been increased by 32%, 32.1%, 43.5%, 41.6% 
and 43.4% in 3 days, 7 days, 14 days, 28 days and 56 days respectively 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
Effect of 0.5% steel fiber, 0.75% polypropylene fiber and 0% basalt fiber 
in hybrid form in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% steel fiber and 0.75% polypropylene fiber in hybrid form 
was found to have been increased by 30.2%, 31.5%, 28.9%, 38.2% and 42.1% 
in 3 days, 7 days, 14 days, 28 days and 56 days respectively compared to partial 
replacement of cement with 50% flyash without adding fibers. 
Effect of 0.5% steel fiber, 0.75% polypropylene fiber and 0.75% basalt 
fiber in hybrid form in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% steel fiber, 0.75% polypropylene fiber and 0.75% basalt 
fiber in hybrid form was found to have been increased by 75.9%, 75.3%, 65%, 
64.6% and 62.4% in 3 days, 7 days, 14 days, 28 days and 56 days respectively 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
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Effect of 0.5% steel fiber, 0% polypropylene fiber and 1% basalt fiber in 
hybrid form in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% steel fiber and 1% basalt fiber in hybrid form was found to 
have been increased by 27.7%, 31%, 26.8%, 32.6% and 31.9% in 3 days, 7 
days, 14 days, 28 days and 56 days respectively compared to partial 
replacement of cement with 50% flyash without adding fibers. 
Effect of 1% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber in 
hybrid form in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 1% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber 
in hybrid form was found to have been increased by 45%, 48.2%, 56.3%, 62.1% 
and 58.4% in 3 days, 7 days, 14 days, 28 days and 56 days respectively 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
Effect of 1% steel fiber, 0.75% polypropylene fiber and 0% basalt fiber in 
hybrid form in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 1% steel fiber and 0.75% polypropylene fiber in hybrid form 
was found to have been increased by 45.4%, 45.3%, 42.4%, 47.5% and 45.4% 
in 3 days, 7 days, 14 days, 28 days and 56 days respectively compared to partial 
replacement of cement with 50% flyash without adding fibers. 
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Effect of 1% steel fiber, 0.75% polypropylene fiber and 0.75% basalt fiber 
in hybrid form in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 1% steel fiber, 0.75% polypropylene fiber and 0.75% basalt 
fiber in hybrid form was found to have been increased by 82.7%, 85.9%, 73.7%, 
75.3% and 72.2% in 3 days, 7 days, 14 days, 28 days and 56 days respectively 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
Effect of 1% steel fiber, 0% polypropylene fiber and 0.75% basalt fiber in 
hybrid form in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 1% steel fiber and 0.75% basalt fiber in hybrid form was found 
to have been increased by 42.8%, 63%, 60.1%, 53.7% and 46.4% in 3 days, 7 
days, 14 days, 28 days and 56 days respectively compared to partial 
replacement of cement with 50% flyash without adding fibers. 
Effect of 1% steel fiber, 0% polypropylene fiber and 1% basalt fiber in 
hybrid form in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 1% steel fiber and 1% basalt fiber in hybrid form was found to 
have been increased by 59.5%, 77.3%, 63.7%, 64% and 59.5% in 3 days, 7 
days, 14 days, 28 days and 56 days respectively compared to partial 
replacement of cement with 50% flyash without adding fibers. 
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Effect of 1% steel fiber, 1% polypropylene fiber and 1% basalt fiber in 
hybrid form in high volume flyash concrete. 
Compressive strength of partial replacement of cement with 50% flyash 
reinforced with 1% steel fiber, 1% polypropylene fiber and 1% basalt fiber in 
hybrid form was found to have been increased by 51.5%, 51.3%, 49.9%, 56.1% 
and 45.9% in 3 days, 7 days, 14 days, 28 days and 56 days respectively 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
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4.1.2 Comparison of Compressive strength test results 
 
 
Figure 3: Comparison of Compressive strength between Control concrete (C) 
Vs 1% steel fiber concrete (S2) 
As evident from the above figure, there is a strength increase of about 30% for 
S2 over the control concrete C. 
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Figure 4: Comparison of Compressive strength between Control concrete (C) 
Vs 0.75% polypropylene fiber concrete (P2) 
As evident from the above figure, there is a strength increase of about 30% for 
P2 over the control concrete C.  Comparing control concrete (C) and P2 (0.75% 
polypropylene fiber) strength resultsP2 gives additional compressive strength. 
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Figure 5: Comparison of Compressive strength between Control concrete (C) 
Vs 1% Basalt fiber concrete (B3) 
As evident from the above figure, there is a strength increase of about 30% for 
B3 over the control concrete C. Comparing B1 (0.5% basalt fiber), B2 (0.75% 
basalt fiber) and B3 (1% basalt fiber) strength results,B2 gives additional 
compressive strength at 56 days. 
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Figure 6: Comparison of Compressive strength between Control concrete (C) 
Vs 0.5% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber in hybrid 
form concrete (X1). 
As evident from the above figure, there is a strength increase of about 40% for 
X1 over the control concrete C. Comparing C and X1, X1 gives additional 
compressive strength. 
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Figure 7: Comparison of Compressive strength between Control concrete (C) 
Vs 0.5% steel fiber, 0.75% polypropylene fiber and 0% basalt fiber in hybrid 
form concrete (X2) 
As evident from the above figure, there is a strength increase of about 35% for 
X2 over the control concrete C. Comparing C and X2, X2 gives additional 
compressive strength. 
 
 
 
0
5
10
15
20
25
30
35
40
45
50
3 days 7 days 14 days 28 days 56 days
Compressive strength (MPa)
C 23.14 25.21 28.75 30.58 32.97
X2 30.1 33.1 37.1 42.2 46.8
C
o
m
p
re
ss
iv
e 
st
re
n
g
th
 (
M
P
a
)
   
44 
 
 
 
 
Figure 8: Comparison of Compressive strength between Control concrete (C) 
Vs 0.5% steel fiber, 0.75% polypropylene fiber and 0.75% basalt fiber in hybrid 
form concrete (X3). 
As evident from the above figure, there is a strength increase of approximately 
50% for X3 over the control concrete C. Comparing C and X3, X3 gives 
additional compressive strength. 
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Figure 9: Comparison of Compressive strength between Control concrete (C) 
Vs 0.5% steel fiber, 0% polypropylene fiber and 1% basalt fiber in hybrid 
formconcrete (X4). 
As evident from the above figure, there is a strength increase of approximately 
25% for hybrid fiber X4 over the control concrete C throughout the duration of 
observation. Comparing C and X4, X4 gives additional compressive strength. 
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Figure 10: Comparison of Compressive strength between Control concrete (C) 
Vs 1% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber in hybrid 
formconcrete (Y1). 
As evident from the above figure, there is a random strength increase 
throughout the duration of observation. Comparing C and Y1, Y1 gives 
additional compressive strength. 
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Figure 11: Comparison of Compressive strength between Control concrete (C) 
Vs 1% steel fiber, 0.75% polypropylene fiber and 0% basalt fiber in hybrid 
form concrete (Y2). 
As evident from the above figure, there is a strength increase of approximately 
30% for Y2 over the control concrete C. Comparing C and Y2, Y2 gives 
additional compressive strength. 
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Figure 12: Comparison of Compressive strength between Control concrete (C) 
Vs 1% steel fiber, 0.75% polypropylene fiber and 0.75% basalt fiber in hybrid 
form concrete (Y3). 
As evident from the above figure, there is a strength increase of approximately 
50% for Y3 over the control concrete C. Comparing C and Y3, Y3 gives 
additional compressive strength. 
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Figure 13: Comparison of Compressive strength between Control concrete (C) 
Vs 1% steel fiber, 0% polypropylene fiber and 0.75% basalt fiber in hybrid 
form concrete (Y4). 
As evident from the above figure, there is a strength increase of approximately 
40% for Y4 over the control concrete C. Comparing C and Y4, Y4 gives 
additional compressive strength. 
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Figure 14: Comparison of Compressive strength between Control concrete (C) 
Vs 1% steel fiber, 0% polypropylene fiber and 1% basalt fiber in hybrid form 
concrete(Y5). 
As evident from the above figure, there is a strength increase of approximately 
40% for Y5 over the control concrete C. Comparing C and Y5, Y5 gives 
additional compressive strength. 
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Figure 15: Comparison of Compressive strength betweenControl concrete (C) 
Vs 1% steel fiber, 1% polypropylene fiber and 1% basalt fiber in hybrid form 
concrete (Y6). 
As evident from the above figure, there is a strength increase of approximately 
40% for Y6 over the control concrete C. Comparing C and Y6, Y6 gives 
additional compressive strength. 
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Figure 16: Comparison of Compressive strength between0.5% steel fiber, 0.5% 
polypropylene fiber and 0.5% basalt fiber in hybrid form concrete (X1) Vs 1% 
steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber in hybrid form 
concrete (Y1). 
As evident from the above figure, there is a strength increase of approximately 
10% for Y1 over the hybrid mix X1. Comparing X1 and Y1, Y1 gives 
additional compressive strength. 
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Figure 17: Comparison of Compressive strength between0.5% steel fiber, 
0.75% polypropylene fiber and 0% basalt fiber in hybrid form concrete (X2) Vs 
1% steel fiber, 0.75% polypropylene fiber and 0% basalt fiber in hybrid form 
concrete (Y2). 
As evident from the above figure, there is a strength increase of approximately 
15% for Y2 over the hybrid mix X2. Comparing X2and Y2, Y2 gives additional 
compressive strength. 
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Figure 18: Comparison of Compressive strength between 0.5% steel fiber, 
0.75% polypropylene fiber and 0.75% basalt fiber in hybrid form concrete (X3) 
Vs 1% steel fiber, 0.75% polypropylene fiber and 0.75% basalt fiber in hybrid 
form concrete (Y3). 
As evident from the above figure, there is a strength increase of approximately 
10% for Y3 over the hybrid mix X3. Comparing X3 and Y3, Y3 gives 
additional compressive strength. 
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Figure 19: Comparison of Compressive strength between0.5% steel fiber, 0% 
polypropylene fiber and 1% basalt fiber in hybrid form concrete (X4) Vs 1% 
steel fiber, 0% polypropylene fiber and 0.75% basalt fiber in hybrid 
formconcrete (Y4). 
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As evident from the above figure, there is a random strength increase 
throughout the duration of observation. Comparing X4 and Y4, Y4 gives 
additional compressive strength. 
Overall some increase in compressive strength is observed in the above results 
and figures. 
This is further confirmed by analysing the compressive strength of all mix 
together at 3 days, 7 days, 14 days, 28 days and 56 days as presented below in 
figures 20 to figures 24. 
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Figure 20: Comparison of Compressive strength at 3 days
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C S1 S2 P1 P2 B1 B2 B3 X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5 Y6
Steel fiber 0% 0.50% 1% 0% 0% 0% 0% 0% 0.50% 0.50% 0.50% 0.50% 1% 1% 1% 1% 1% 1%
Polypropylene fiber 0% 0% 0% 0.50% 0.75% 0% 0% 0% 0.50% 0.75% 0.75% 0% 0.50% 0.75% 0.75% 0% 0% 1%
Basalt Fiber 0% 0% 0% 0% 0% 0.50% 0.75% 1% 0.50% 0% 0.75% 1% 0.50% 0% 0.75% 0.75% 1% 1%
Cement 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%
Class F Flyash 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%
3 days (Mpa) 23.14 28.22 31.24 29.05 33.56 30.66 31.32 33.26 30.55 30.15 40.71 29.56 33.57 33.65 42.29 33.06 36.92 35.07
Compressive 
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Figure 21: Comparison of Compressive strength at 7 days 
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C S1 S2 P1 P2 B1 B2 B3 X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5 Y6
Steel fiber 0% 0.50% 1% 0% 0% 0% 0% 0% 0.50% 0.50% 0.50% 0.50% 1% 1% 1% 1% 1% 1%
Polypropylene fiber 0% 0% 0% 0.50% 0.75% 0% 0% 0% 0.50% 0.75% 0.75% 0% 0.50% 0.75% 0.75% 0% 0% 1%
Basalt Fiber 0% 0% 0% 0% 0% 0.50% 0.75% 1% 0.50% 0% 0.75% 1% 0.50% 0% 0.75% 0.75% 1% 1%
Cement 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%
Class F Flyash 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%
7 days (Mpa) 25.21 31.61 35.3 34.78 36.58 33.61 35.65 37.77 33.31 33.17 44.21 33.05 37.38 36.64 46.87 41.09 44.71 38.16
Compressive 
strength (MPa)
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Figure 22: Comparison of Compressive strength at 14 days 
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C S1 S2 P1 P2 B1 B2 B3 X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5 Y6
Steel fiber 0% 0.50% 1% 0% 0% 0% 0% 0% 0.50% 0.50% 0.50% 0.50% 1% 1% 1% 1% 1% 1%
Polypropylene fiber 0% 0% 0% 0.50% 0.75% 0% 0% 0% 0.50% 0.75% 0.75% 0% 0.50% 0.75% 0.75% 0% 0% 1%
Basalt Fiber 0% 0% 0% 0% 0% 0.50% 0.75% 1% 0.50% 0% 0.75% 1% 0.50% 0% 0.75% 0.75% 1% 1%
Cement 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%
Class F Flyash 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%
14 days (Mpa) 28.75 34.81 39.05 39.48 40.22 36.16 38.86 39.28 41.27 37.07 47.45 36.46 44.94 40.94 49.96 46.04 47.07 43.11
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Figure 23: Comparison of Compressive strength at 28 days 
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C S1 S2 P1 P2 B1 B2 B3 X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5 Y6
Steel fiber 0% 0.50% 1% 0% 0% 0% 0% 0% 0.50% 0.50% 0.50% 0.50% 1% 1% 1% 1% 1% 1%
Polypropylene fiber 0% 0% 0% 0.50% 0.75% 0% 0% 0% 0.50% 0.75% 0.75% 0% 0.50% 0.75% 0.75% 0% 0% 1%
Basalt Fiber 0% 0% 0% 0% 0% 0.50% 0.75% 1% 0.50% 0% 0.75% 1% 0.50% 0% 0.75% 0.75% 1% 1%
Cement 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%
Class F Flyash 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%
28 days (Mpa) 30.58 38.26 43.84 43.15 45.92 39.91 41.31 42.23 43.32 42.28 50.36 40.56 49.58 45.11 53.63 47.03 50.17 47.75
Compressive 
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Figure 24: Comparison of Compressive strength at 56 days. 
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C S1 S2 P1 P2 B1 B2 B3 X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5 Y6
Steel fiber 0% 0.50% 1% 0% 0% 0% 0% 0% 0.50% 0.50% 0.50% 0.50% 1% 1% 1% 1% 1% 1%
Polypropylene fiber 0% 0% 0% 0.50% 0.75% 0% 0% 0% 0.50% 0.75% 0.75% 0% 0.50% 0.75% 0.75% 0% 0% 1%
Basalt Fiber 0% 0% 0% 0% 0% 0.50% 0.75% 1% 0.50% 0% 0.75% 1% 0.50% 0% 0.75% 0.75% 1% 1%
Cement 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%
Class F Flyash 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%
56 days (Mpa) 32.97 40.4 46.95 45.26 46.1 42.52 44.35 43.98 47.3 46.86 53.56 43.49 52.23 47.96 56.79 48.3 52.61 48.12
Compressive 
strength (MPa)
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While analysing the comparison charts of compressive strengths for 3 days, 7 
days, 14 days, 28 days and 56 days in figures 20 to figures 24, it is clear that the 
mix X3 (0.5% steel fiber, 0.75% polypropylene fiber and 0.75% basalt fiber) 
and Y3 (1% steel fiber, 0.75% polypropylene fiber and 0.75% basalt fiber) in 
hybrid form gives maximum compressive strength when compared to control 
concrete, individual fiber reinforced high volume flyash concrete and other 
hybrids. 
 
While analysing the comparison charts of compressive strengths in Percentage 
improvements for 3 days, 7 days, 14 days, 28 days and 56 days in figures 25 to 
figures 29, it is clear that the mix X3 (0.5% steel fiber, 0.75% polypropylene 
fiber and 0.75% basalt fiber) and Y3 (1% steel fiber, 0.75% polypropylene fiber 
and 0.75% basalt fiber) in hybrid form gives maximum compressive strength 
when compared to control concrete, individual fiber reinforced high volume 
flyash concrete and other hybrids. 
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Figure 25: Comparison of Compressive strength in Percentage improvement at 3 days. 
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S1 S2 P1 P2 B1 B2 B3 X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5 Y6
steel fiber 0.50% 1% 0% 0% 0% 0% 0% 0.50% 0.50% 0.50% 0.50% 1% 1% 1% 1% 1% 1%
polypropylene fiber 0% 0% 0.50% 0.75% 0% 0% 0% 0.50% 0.75% 0.75% 0% 0.50% 0.75% 0.75% 0% 0% 1%
basalt fiber 0% 0% 0% 0% 0.50% 0.75% 1% 0.50% 0% 0.75% 1% 0.50% 0% 0.75% 0.75% 1% 1%
3 days % 22 35 25.5 45 32.4 35.3 43.7 32 30.2 75.9 27.7 45.1 45.4 82.7 42.8 59.5 51.5
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Figure 26: Comparison of Compressive strength in Percentage improvement at 7 days. 
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S1 S2 P1 P2 B1 B2 B3 X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5 Y6
steel fiber 0.50% 1% 0% 0% 0% 0% 0% 0.50% 0.50% 0.50% 0.50% 1% 1% 1% 1% 1% 1%
polypropylene fiber 0% 0% 0.50% 0.75% 0% 0% 0% 0.50% 0.75% 0.75% 0% 0.50% 0.75% 0.75% 0% 0% 1%
basalt fiber 0% 0% 0% 0% 0.50% 0.75% 1% 0.50% 0% 0.75% 1% 0.50% 0% 0.75% 0.75% 1% 1%
7 days % 25.3 40 37.9 45.1 33.3 41.4 49.8 32.1 31.5 75.3 31.1 48.2 45.3 85.9 63 77.3 51.3
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Figure 27: Comparison of Compressive strength in Percentage improvement at 14 days. 
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S1 S2 P1 P2 B1 B2 B3 X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5 Y6
steel fiber 0.50% 1% 0% 0% 0% 0% 0% 0.50% 0.50% 0.50% 0.50% 1% 1% 1% 1% 1% 1%
polypropylene fiber 0% 0% 0.50% 0.75% 0% 0% 0% 0.50% 0.75% 0.75% 0% 0.50% 0.75% 0.75% 0% 0% 1%
basalt fiber 0% 0% 0% 0% 0.50% 0.75% 1% 0.50% 0% 0.75% 1% 0.50% 0% 0.75% 0.75% 1% 1%
14 days % 22 35.8 37.3 39.8 25.7 35.1 36.6 43.5 28.9 65 26.8 56.3 42.4 73.7 60.1 63.7 49.9
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Figure 28: Comparison of Compressive strength in Percentage improvement at 28 days. 
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S1 S2 P1 P2 B1 B2 B3 X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5 Y6
steel fiber 0.50% 1% 0% 0% 0% 0% 0% 0.50% 0.50% 0.50% 0.50% 1% 1% 1% 1% 1% 1%
polypropylene fiber 0% 0% 0.50% 0.75% 0% 0% 0% 0.50% 0.75% 0.75% 0% 0.50% 0.75% 0.75% 0% 0% 1%
basalt fiber 0% 0% 0% 0% 0.50% 0.75% 1% 0.50% 0% 0.75% 1% 0.50% 0% 0.75% 0.75% 1% 1%
28 days % 25.1 43.3 41.1 50.1 30.5 35.1 38.1 41.6 38.2 64.6 32.6 62.1 47.5 75.3 53.7 64.1 56.1
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Figure 29: Comparison of Compressive strength in Percentage improvement at 56 days. 
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S1 S2 P1 P2 B1 B2 B3 X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5 Y6
steel fiber 0.50% 1% 0% 0% 0% 0% 0% 0.50% 0.50% 0.50% 0.50% 1% 1% 1% 1% 1% 1%
polypropylene fiber 0% 0% 0.50% 0.75% 0% 0% 0% 0.50% 0.75% 0.75% 0% 0.50% 0.75% 0.75% 0% 0% 1%
basalt fiber 0% 0% 0% 0% 0.50% 0.75% 1% 0.50% 0% 0.75% 1% 0.50% 0% 0.75% 0.75% 1% 1%
56 days % 22.5 42.4 37.2 39.8 28.9 34.5 33.3 43.4 42.1 62.4 31.9 58.4 45.4 72.2 46.4 59.5 45.9
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Figure 30: Comparison of Compressive strengths among individual fiber mix 
It is interesting to note that polypropylene fiber provides higher strengths although the trend line for steel is linear. This 
might suggest that steel fiber may provide higher strength as the percentage is increased more than 1% whereas 
polypropylene and basalt fibers tend to flatten out after 0.75%. Also basalt fiber at 1% has lower value than the other two 
fibers. It is clear that steel and polypropylene can be extended beyond 0.75% but basalt fiber addition can be stopped at 1%. 
However, we observed that workability of concrete mixes is affected when the combined percentage exceeds 3%. 
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  Figure 31: Comparison of Compressive strengths with fiber combination mix at different proportions 
It can be seen that hybrid combinations up to 1.75% lead to similar strengths but the noticeable jump is observed only at Y3 
combination (a total of 2.5% with 1% steel,0.75 % polypropylene & 0.75% basalt)  and when all the three mixed at 3% the 
values drop down significantly. Clearly there is substantial benefit with the addition of three fibers in combination.  
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Table 9: Summary of 28-day strength results for fiber reinforced high volume 
flyash concrete with individual and hybrid fibers. 
 
 
 
 
Mix no 
Addition 
of all 
individual 
fibers in 
% 
Compressive 
strength 
(MPa) 28 
days 
Indirect 
tensile 
strength 
(MPa) 28 
days 
Flexural 
strength 
(MPa) 28 
days 
Steel Fiber only 
C 0% 30.5 3.87 5.16 
S1 0.50% 38.2 4.25 6.41 
S2 1% 43.8 5.51 6.83 
Polypropylene Fibre 
only 
C 0% 30.5 3.87 5.16 
P1 0.50% 43.1 4.35 6.16 
P2 0.75% 45.9 4.79 6.49 
Basalt Fiber only 
C 0% 30.5 3.87 5.16 
B1 0.50% 39.9 3.95 5.38 
B2 0.75% 41.3 4.54 5.56 
B3 1.00% 42.2 4.91 5.92 
Hybrid fiber (with 
min 0.5% Steel 
fixed) 
C 0.00% 30.5 3.87 5.16 
S1 0.50% 38.2 4.25 6.41 
X2 1.25% 42.2 4.74 6.49 
X4 1.50% 40.5 5.47 6.98 
X3 2.00% 50.3 6.26 7.53 
Hybrid fiber (with 
min 1% Steel fixed) 
C 0.00% 30.5 3.87 5.16 
S1 0.50% 38.2 4.25 6.41 
S2 1.00% 43.8 5.51 6.83 
Y1 2.00% 49.5 7.7 8.63 
Y3 2.50% 53.6 8.1 9.19 
Hybrid fiber (with 
min 0.5% Basalt 
fixed) 
C 0.00% 30.5 3.87 5.16 
B1 0.50% 39.9 3.95 5.38 
B2 0.75% 41.3 4.54 5.56 
B3 1.00% 42.2 4.91 5.92 
X1 1.50% 43.3 5.95 6.36 
Y4 1.75% 47 4.53 6.93 
Y1 2.00% 49.5 7.7 8.63 
Y3 2.50% 53.6 8.1 9.19 
Y6 3.00% 47.75 6.03 5.7 
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Table 9 clearly shows that maintaining 1% steel fiber constant in the mix of 
hybrid fiber combination improves the mechanical properties of high volume 
flyash concrete when mixed with other individual fibers. As keeping 1% steel 
fiber constant in the mix Y1, Y2, Y3, Y4, Y5, Y6 but Y3 (1% steel fiber, 0.75% 
polypropylene fiber and 0.75% basalt fiber) has totally 2.5% of fibers inclusive 
of all three individual fibers together shows the improvement in strength 
characteristics when compared to other hybrid format. 
 
Y6 (1% steel fiber, 1% polypropylene fiber and 1% basalt fiber) has totally 3% 
of fibers inclusive of all three individual fibers together but no obvious increase 
in the strength as the workability of concrete is affected by the maximum 
percentage of fibers together in a mix in which it end up in less compressive 
strength than Y3. 
 
 
 
 
 
 
 
 
 
   
72 
 
4.1.1.3 COMPARISON OF COMPRESSIVE STRENGTH FROM 
TEST RESULTS WITH PUBLISHED RESULTS 
In this section, closest possible comparisons with published results are 
presented, as there are no evidences of the exact type of mix and fibers used by 
other researchers. 
A) Comparisons based on steel fiber: 
Song and Hwang, (2004) performed an experiment with steel fiber percentages 
of 0.5%, 1%, 1.5% and 2% on high strength concrete. No flyash was used in 
these experiments. It was found that the compressive strength increased to 7.1% 
at 0.5% steel fiber fraction, 11.8% at 1.0% steel fiber fraction, 15.3% at 1.5% 
steel fiber fraction, and reduced to 12.9% at 2.0% steel fiber fraction. In 
comparison with Table 8 (page 32) it can be seen that the maximum strength 
improvement from test results was 25% increase for steel fiber mix at 0.5% 
(which includes flyash at 50% replacement). 
Nataraja et al, (1999) conducted an experiment with round crimped steel fibers 
with three volume fractions of 0.5%, 0.75% and 1.0%. No flyash was used in 
these experiments. It was found that the deviation which has the strength 
improvement of about 8-10% in compressive strength results were observed 
with higher volume fractions of steel fiber. Sahmaran and Yaman, (2007) used 
two types of steel fibers (one with hooked end and the other with straight ends) 
with flyash at 50%. Steel was added at 60 kg/cu.m individually for the two 
types of fibers and at 30 kg/cu.m in combination. It was found that all the mixes 
endured a reduction in compressive strength at 28 and 56 days. In particular 
reduction in compressive strength was 43% at 28 days and 31% at 56 days. 
Although the authors attributed the reduction to the low pozzolanic activity of 
flyash, it can also be argued that a higher percentage of steel fiber reinforcement 
(60 kg/cu.m) can lead to reduction in strength as observed from our test results.  
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Comparing the above results, in general it is clear from test results that 
compressive strength increases from 20% to 40% can be obtained between 3 
days and 56 days for steel fiber mix. It is noted that test results obtained from 
the mix combinations noted in Table 3, have provided higher compressive 
strength results than literature evidences discussed above. 
There are no adequate comparisons based on polypropylene fibers. 
B) Comparisons based on basalt fiber: 
Jiang et al, (2014) conducted an experiment with two different lengths of basalt 
fibers (12mm & 22mm).  No flyash was used in these experiments. It was found 
that 12 mm basalt fiber was found to have increased the compressive strengths 
up to a maximum of 4.68% at 28 days and fiber length of 22 mm experienced 
an increase of 5.72% maximum at 28 days compared with the plain concrete.  In 
comparison with Table 8 (page 32) it can be seen that the maximum strength 
improvement from test results was 38% increase for basalt fiber mix at 1%. 
Dias and Thaumaturgo, (2005) conducted an experiment with basalt fiber 
reinforced geo-polymeric concrete. It was found that the addition of 1.0% of 
basalt fibers resulted in 26.4% reductions in the compressive strengths for 
Portland cement concretes. Li and Xu, (2009) performed an experiment using 
geopolymeric concrete with three volume fractions of basalt fibers at 0.1%, 
0.2% and 0.3%. However no improvements in the dynamic compressive 
strengths were observed using a Hopkinson pressure bar test. Although Table 8 
(page 32) presents only the static compressive strengths, a proportional increase 
of fiber content can be observed. 
Comparing the above results, in general it is clear from test results that 
compressive strength increases from 25% to 50% can be obtained between 3 
days and 56 days for basalt fiber mix. 
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C) Comparisons based on hybrid fibers: 
Hsie et al, (2008) investigated with two types of polypropylene fiber (coarse 
monofilament & staple fibers) reinforced concrete. The coarse monofilament 
fiber volume fraction at 3 kg/m3, 6 kg/m3, and 9 kg/m3 and the staple fiber 
volume fraction at 0.6 kg/m3 were considered. It was found that compressive 
strength of polypropylene hybrid fiber-reinforced concrete increased by 14.60 
% to17.31% at 28 days in comparison with control specimens. With reference to 
Table 8 (page 32) it can be seen that the maximum strength improvement in 
hybrid mixes range between 32% and 75%.   
Nili and Afroughsabet, (2010) conducted an experiment with 12mm 
polypropylene fiber percentages of 0%, 0.2%, 0.3% and 0.5% and silica fume. It 
was found that compressive strength of fibrous specimens at the age of 91 days 
with 0.5% fiber increased by 15% and when silica fume and polypropylene 
fiber are simultaneously incorporated into the specimens, an improvement 
between 9% and 18% & 11% and 20% at the age of 7-91 days.  In comparison 
with Table 8 (page 32) it can be seen that the maximum strength improvement 
in hybrid mix from test results range between 32% and 75%.  
Comparing the above results, in general it is clear from test results that 
compressive strength increases from 25% to 85% can be obtained between 3 
days and 56 days for hybrid fiber mix. It also shows that there is substantial 
benefit with the addition of three fibers in combination in high volume flyash 
concrete and a noticeable increase in strength is observed with Y3 mix. 
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A summary of the above comparisons with published results is presented in 
Table 10 and is graphically presented in Figure 32. 
 
Table 10: Comparison table of compressive strength improvement.  
Author 
Compressive strength 
in % improvement 
(published results) 
 
Test results 
(Thesis) 
Song & Hwang, 2004 7.1% 25% 
Nataraja et al, 1999 8% 25% 
Sahmaran & Yaman, 2007 -43% 25% 
Jiang et al, 2014 4.6% 30% 
Jiang et al, 2014 5.8% 30% 
Dias and Thaumaturgo, 2005 -26.4% 38% 
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Figure 32: Comparison of compressive strength improvements
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4.2 INDIRECT TENSILE STRENGTH 
TEST RESULTS 
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Table 11: Indirect tensile strength test results
Sl.no 
Mix 
No 
Fibers 
Cement  
Class F 
Flyash 
Indirect tensile 
strength (MPa) 
 
(28 days) 
Comparison of % improvement 
of high performance high 
volume flyash concrete  
reinforced with hybrid fibers 
(28 days) 
Steel 
fiber 
Polypropylene 
fiber 
Basalt 
Fiber 
1 C 0% 0% 0% 50% 50% 3.87 0 
2 S1 0.50% 0% 0% 50% 50% 4.25 9.8 
3 S2 1% 0% 0% 50% 50% 5.51 42.3 
4 P1 0% 0.50% 0% 50% 50% 4.35 12.4 
5 P2 0% 0.75% 0% 50% 50% 4.79 23.7 
6 B1 0% 0% 0.50% 50% 50% 3.95 2.06 
7 B2 0% 0% 0.75% 50% 50% 4.54 17.3 
8 B3 0% 0% 1% 50% 50% 4.91 26.8 
9 X1 0.50% 0.50% 0.50% 50% 50% 5.95 53.7 
10 X2 0.50% 0.75% 0% 50% 50% 4.74 22.4 
11 X3 0.50% 0.75% 0.75% 50% 50% 6.26 61.7 
12 X4 0.50% 0% 1% 50% 50% 5.47 41.3 
13 Y1 1% 0.50% 0.50% 50% 50% 7.7 98.9 
14 Y2 1% 0.75% 0% 50% 50% 6.15 58.9 
15 Y3 1% 0.75% 0.75% 50% 50% 8.1 109.3 
16 Y4 1% 0% 0.75% 50% 50% 4.53 17 
17 Y5 1% 0% 1% 50% 50% 5.92 52.9 
18 Y6 1% 1% 1% 50% 50% 6.03 55.8 
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4.2.1 Experimental results of Indirect tensile strength test results 
In this section, indirect tensile strength test results of individual fiber reinforced 
high volume flyash concrete and hybrid fiber reinforced high volume flyash 
concrete are discussed. 
4.2.1.1 Experimental results of indirect tensile strength test of concrete 
using individual fibers. 
Effect of 0.5% steel fiber in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% Steel fiber was found to have been increased by 9.81% in 
28 days compared to partial replacement of cement with 50% flyash without 
adding fibers. 
Effect of 1% steel fiber in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 1% Steel fiber was found to have been increased by 42.3% in 28 
days compared to partial replacement of cement with 50% flyash without 
adding fibers. 
Effect of 0.5% polypropylene fiber in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% polypropylene fiber was found to have been increased by 
12.4% in 28 days compared to partial replacement of cement with 50% flyash 
without adding fibers. 
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Effect of 0.75% polypropylene fiber in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 0.75% polypropylene fiber was found to have been increased by 
23.7% in 28 days compared to partial replacement of cement with 50% flyash 
without adding fibers. 
Effect of 0.5% basalt fiber in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% basalt fiber was found to have been increased by 2% in 28 
days compared to partial replacement of cement with 50% flyash without 
adding fibers. 
Effect of 0.75% basalt fiber in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 0.75% basalt fiber was found to have been increased by 17.3% 
in 28 days compared to partial replacement of cement with 50% flyash without 
adding fibers. 
Effect of 1% basalt fiber in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 1% basalt fiber was found to have been increased by 26.8% in 
28 days compared to partial replacement of cement with 50% flyash without 
adding fibers. 
 
 
 
   
81 
 
4.2.1.2 Experimental results of indirect tensile strength test of concrete 
using hybrid fibers. 
Effect of 0.5% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber 
in hybrid form in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber 
in hybrid form was found to have been increased by 53.7%, in 28 days 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
Effect of 0.5% steel fiber, 0.75% polypropylene fiber and 0% basalt fiber 
in hybrid form in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% steel fiber and 0.75% polypropylene fiber in hybrid form 
was found to have been increased by 22.4%, in 28 days compared to partial 
replacement of cement with 50% flyash without adding fibers. 
Effect of 0.5% steel fiber, 0.75% polypropylene fiber and 0.75% basalt 
fiber in hybrid form in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% steel fiber, 0.75% polypropylene fiber and 0.75% basalt 
fiber in hybrid form was found to have been increased by 61.7% in 28 days 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
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Effect of 0.5% steel fiber, 0% polypropylene fiber and 1% basalt fiber in 
hybrid form in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 0.5% steel fiber and 1% basalt fiber in hybrid form was found to 
have been increased by 41.3% in 28 days compared to partial replacement of 
cement with 50% flyash without adding fibers. 
Effect of 1% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber in 
hybrid form in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 1% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber 
in hybrid form was found to have been increased by 98.9% in 28 days compared 
to partial replacement of cement with 50% flyash without adding fibers. 
Effect of 1% steel fiber, 0.75% polypropylene fiber and 0% basalt fiber in 
hybrid form in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 1% steel fiber and 0.75% polypropylene fiber in hybrid form 
was found to have been increased by 58.9% in 28 days compared to partial 
replacement of cement with 50% flyash without adding fibers. 
Effect of 1% steel fiber, 0.75% polypropylene fiber and 0.75% basalt fiber 
in hybrid form in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 1% steel fiber, 0.75% polypropylene fiber and 0.75% basalt 
fiber in hybrid form was found to have been increased by 109.3% in 28 days 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
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Effect of 1% steel fiber, 0% polypropylene fiber and 0.75% basalt fiber in 
hybrid form in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 1% steel fiber and 0.75% basalt fiber in hybrid form was found 
to have been increased by 17% in 28 days compared to partial replacement of 
cement with 50% flyash without adding fibers. 
Effect of 1% steel fiber, 0% polypropylene fiber and 1% basalt fiber in 
hybrid form in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 1% steel fiber and 1% basalt fiber in hybrid form was found to 
have been increased by 52.9% in 28 days compared to partial replacement of 
cement with 50% flyash without adding fibers. 
Effect of 1% steel fiber, 1% polypropylene fiber and 1% basalt fiber in 
hybrid form in high volume flyash concrete. 
Indirect tensile strength of partial replacement of cement with 50% flyash 
reinforced with 1% steel fiber, 1% polypropylene fiber and 1% basalt fiber in 
hybrid form was found to have been increased by 55.8% in 28 days compared to 
partial replacement of cement with 50% flyash without adding fibers. 
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Below Figure 32 presents the comparison of Indirect tensile strength test results 
and by analysing the tensile strength at 3 days, 7 days, 14 days, 28 days and 56 
days, there is a random strength increase throughout the duration of observation. 
Comparing Indirect tensile strength test results, Y1 (1% steel fiber, 0.5% 
polypropylene fiber & 0.5% basalt fiber) and Y3 (1% steel fiber, 0.75% 
polypropylene fiber & 0.75% basalt fiber) in hybrid form gives maximum 
tensile strength when compared to control concrete, individual fiber reinforced 
high volume flyash concrete and other hybrid mixes. 
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  Figure 33: Comparison of Indirect tensile strength test results 
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4.2.1.3 COMPARISON OF INDIRECT TENSILE STRENGTH 
FROM TEST RESULTS WITH PUBLISHED RESULTS 
In this section, closest possible comparisons with published results are 
presented, as there are no evidences of the exact type of mix and fibers used by 
other researchers. 
A) Comparisons based on steel fiber: 
Atis and Karahan, (2009) conducted an experiment with fly ash content of 0%, 
15% and 30% in mass basis, and steel fiber volume fraction at 0%, 0.25%, 
0.5%, 1.0% and 1.5%. It was found that splitting tensile strength varying from 
1% to 5%, 1% to 3% and 21% to 32% for concrete mixes having 0.25%, 0.5% 
and 1.0% volume fractions of steel fibers with and without flyash and steel 
fibers had no significant effects on tensile strength at 0.5% volume fractions. 
But, the improvement started from 0% to 15% at 1% fraction. In comparison 
with Table 11 (page 78) it can be seen that the strength improvement from test 
results was 9% increase for steel fiber mix at 0.5% and 42% maximum increase 
for steel fiber mix at 1% (which includes flyash at 50% replacement). 
Siddique, (2004) performed an experiment with high volume class F flyash 
concrete and portland cement was replaced with three percentages (40%, 45%, 
and 50%) of Class F fly ash. It was found that at 28 days, splitting tensile 
strength of control mixture M-1 (0% flyash) was 4.1 MPa, whereas mixtures M-
2 (40% flyash), M-3 (45% flyash), and M-4 (50% flyash) achieved splitting 
tensile strength of 3.0, 2.6, and 2.2 MPa, respectively; a reduction of 27%, 37%, 
and 46%, respectively, in comparison with the strength of the control mixture 
M-1 (0% flyash). With reference to Table 11 (page 78) it can be seen that the 
strength improvement for steel fiber mix was 9% at 0.5% and maximum 
increase of 42% for 1% steel fiber mix. 
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Comparing the above results, in general it is clear from test results that tensile 
strength results gives 9.8% strength increase at 0.5% steel fiber fraction and 
expand to 42% strength increase at 1% steel fiber mix. 
 
There are no adequate comparisons based on polypropylene fibers. 
B) Comparisons based on basalt fiber: 
Jiang et al, (2014) conducted an experiment with two different lengths of basalt 
fibers (12mm & 22mm).  No flyash was used in these experiments. It was found 
that 12 mm basalt fiber was found to have increased the tensile strength up to a 
maximum of 24.34% at 28 days and fiber length of 22 mm experienced an 
increase of 25.51% maximum at 28 days compared with the plain concrete.  In 
comparison with Table 11 (page 78) it can be seen that the maximum strength 
improvement from test results was 26% increase for basalt fiber mix at 1%.  
Dias and Thaumaturgo, (2005) conducted an experiment with basalt fiber 
reinforced geo-polymeric concrete. It was found that addition of 1.0% of basalt 
fibers resulted in 12% reductions in the splitting tensile strengths for Portland 
cement concretes. Wei et al, (2011) conducted an experiment with basalt fiber 
of diameter 13 ± 3µm. It was found that the tensile strength of basalt fiber 
multifilament yarn was increased by 15%, and the inter layer shear length of the 
basalt fiber composite was improved by 10%. With reference to Table 11 (page 
78) it can be seen that the maximum strength improvement was found 26% for 
1% basalt fiber mix. 
Comparing the above results it is clear from test results that tensile strength 
increases 2% at 0.5%, 17% strength increase at 0.75% and expand to 26.8% 
strength increase at 1% basalt fiber fraction. 
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C) Comparisons based on hybrid fibers: 
Hsie et al, (2008) performed an experiment with two types of polypropylene 
fiber (coarse monofilament & staple fibers) reinforced concrete. The coarse 
monofilament fiber volume fraction is at 3 kg/m3, 6 kg/m3, and 9 kg/m3 and the 
staple fiber volume fraction at 0.6 kg/m3. It was found that tensile strength of 
polypropylene hybrid fiber-reinforced concrete increased by 8.9% to 13.35% at 
28 days in comparison with control specimens. With reference to Table 11 
(page 78) it can be seen that the maximum strength improvement in hybrid 
mixes range between 17% and 109%. 
Comparing the above results, in general it is clear from test results that splitting 
tensile strength increases from 17% to 109% can be obtained at 28 days for 
hybrid fiber mix. A noticeable increase in strength is again observed with Y3 
mix. A summary of the above comparisons with published results is presented 
in Table 12 and is graphically presented in Figure 34. 
Table 12: Comparison table of tensile strength improvement.  
Author 
Tensile strength in % 
improvement (published 
results) 
 
Test results 
(Thesis) 
Atis and Karahan, 2009 32% 42% 
Siddique, 2004 -27% 42% 
Siddique, 2004 -37% 42% 
Siddique, 2004 -46% 42% 
Jiang et al, 2014 24.34% 26% 
Jiang et al, 2014 25.51% 26% 
Dias and Thaumaturgo, 2005 -12% 26% 
Hsie et al, 2008 13.35% 109% 
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Figure 34: Comparison of Tensile strength improvements
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4.3 FLEXURAL STRENGTH TEST 
RESULTS 
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Table 13: Flexural strength test results.
Sl.no 
Mix 
No 
Fibers 
Cement  
Class F 
Flyash 
Flexural 
strength (MPa) 
(28 days) 
Comparison of % improvement 
of high performance high 
volume flyash concrete  
reinforced with hybrid fibers 
(28 days) 
Steel 
fiber 
Polypropylene 
fiber 
Basalt 
Fiber 
1 C 0% 0% 0% 50% 50% 5.16 0 
2 S1 0.50% 0% 0% 50% 50% 6.41 24.2 
3 S2 1% 0% 0% 50% 50% 6.83 32.3 
4 P1 0% 0.50% 0% 50% 50% 6.16 19.3 
5 P2 0% 0.75% 0% 50% 50% 6.49 25.7 
6 B1 0% 0% 0.50% 50% 50% 5.38 4.26 
7 B2 0% 0% 0.75% 50% 50% 5.56 7.75 
8 B3 0% 0% 1% 50% 50% 5.92 14.7 
9 X1 0.50% 0.50% 0.50% 50% 50% 6.36 23.2 
10 X2 0.50% 0.75% 0% 50% 50% 6.49 25.7 
11 X3 0.50% 0.75% 0.75% 50% 50% 7.53 45.9 
12 X4 0.50% 0% 1% 50% 50% 6.98 35.2 
13 Y1 1% 0.50% 0.50% 50% 50% 8.63 67.2 
14 Y2 1% 0.75% 0% 50% 50% 6.95 34.6 
15 Y3 1% 0.75% 0.75% 50% 50% 9.19 78.1 
16 Y4 1% 0% 0.75% 50% 50% 6.93 34.3 
17 Y5 1% 0% 1% 50% 50% 7.29 41.2 
18 Y6 1% 1% 1% 50% 50% 5.7 10.4 
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4.3.1 Experimental results of flexural strength test results 
In this section, flexural strength test results of individual fiber reinforced high 
volume flyash concrete and hybrid fiber reinforced high volume flyash concrete 
are discussed. 
4.3.1.1 Experimental results of flexural strength test of concrete using 
individual fibers. 
Effect of 0.5% steel fiber in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 0.5% Steel fiber was found to have been increased by 24.2% in 28 days 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
Effect of 1% steel fiber in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 1% Steel fiber was found to have been increased by 32.3% in 28 days 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
Effect of 0.5% polypropylene fiber in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 0.5% polypropylene fiber was found to have been increased by 19.3% in 
28 days compared to partial replacement of cement with 50% flyash without 
adding fibers. 
 
 
 
   
93 
 
Effect of 0.75% polypropylene fiber in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 0.75% polypropylene fiber was found to have been increased by 25.7% in 
28 days compared to partial replacement of cement with 50% flyash without 
adding fibers. 
Effect of 0.5% basalt fiber in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 0.5% basalt fiber was found to have been increased by 4.2% in 28 days 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
Effect of 0.75% basalt fiber in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 0.75% basalt fiber was found to have been increased by 7.7% in 28 days 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
Effect of 1% basalt fiber in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 1% basalt fiber was found to have been increased by 14.7% in 28 days 
compared to partial replacement of cement with 50% flyash without adding 
fibers. 
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4.3.1.2 Experimental results of flexural strength test of concrete using 
hybrid fibers. 
Effect of 0.5% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber 
in hybrid form in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 0.5% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber in hybrid 
form was found to have been increased by 23.2%, in 28 days compared to 
partial replacement of cement with 50% flyash without adding fibers. 
Effect of 0.5% steel fiber, 0.75% polypropylene fiber and 0% basalt fiber 
in hybrid form in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 0.5% steel fiber and 0.75% polypropylene fiber in hybrid form was found 
to have been increased by 25.7%, in 28 days compared to partial replacement of 
cement with 50% flyash without adding fibers. 
Effect of 0.5% steel fiber, 0.75% polypropylene fiber and 0.75% basalt 
fiber in hybrid form in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 0.5% steel fiber, 0.75% polypropylene fiber and 0.75% basalt fiber in 
hybrid form was found to have been increased by 45.9% in 28 days compared to 
partial replacement of cement with 50% flyash without adding fibers. 
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Effect of 0.5% steel fiber, 0% polypropylene fiber and 1% basalt fiber in 
hybrid form in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 0.5% steel fiber and 1% basalt fiber in hybrid form was found to have been 
increased by 35.2% in 28 days compared to partial replacement of cement with 
50% flyash without adding fibers. 
Effect of 1% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber in 
hybrid form in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 1% steel fiber, 0.5% polypropylene fiber and 0.5% basalt fiber in hybrid 
form was found to have been increased by 67.2% in 28 days compared to partial 
replacement of cement with 50% flyash without adding fibers. 
Effect of 1% steel fiber, 0.75% polypropylene fiber and 0% basalt fiber in 
hybrid form in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 1% steel fiber and 0.75% polypropylene fiber in hybrid form was found to 
have been increased by 34.6% in 28 days compared to partial replacement of 
cement with 50% flyash without adding fibers. 
Effect of 1% steel fiber, 0.75% polypropylene fiber and 0.75% basalt fiber 
in hybrid form in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 1% steel fiber, 0.75% polypropylene fiber and 0.75% basalt fiber in hybrid 
form was found to have been increased by 78.1% in 28 days compared to partial 
replacement of cement with 50% flyash without adding fibers. 
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Effect of 1% steel fiber, 0% polypropylene fiber and 0.75% basalt fiber in 
hybrid form in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 1% steel fiber and 0.75% basalt fiber in hybrid form was found to have 
been increased by 34.3% in 28 days compared to partial replacement of cement 
with 50% flyash without adding fibers. 
Effect of 1% steel fiber, 0% polypropylene fiber and 1% basalt fiber in 
hybrid form in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 1% steel fiber and 1% basalt fiber in hybrid form was found to have been 
increased by 41.2% in 28 days compared to partial replacement of cement with 
50% flyash without adding fibers. 
Effect of 1% steel fiber, 1% polypropylene fiber and 1% basalt fiber in 
hybrid form in high volume flyash concrete. 
Flexural strength of partial replacement of cement with 50% flyash reinforced 
with 1% steel fiber, 1% polypropylene fiber and 1% basalt fiber in hybrid form 
was found to have been increased by 10.4% in 28 days compared to partial 
replacement of cement with 50% flyash without adding fibers. 
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Figure 33 presents the comparison of flexural strength test results and by 
analysing the flexural strength at 3 days, 7 days, 14 days, 28 days and 56 days, 
there is a random strength increase throughout the duration of observation. 
Comparing flexural strength test results, Y1 (1% steel fiber, 0.5% 
polypropylene fiber & 0.5% basalt fiber) and Y3 (1% steel fiber, 0.75% 
polypropylene fiber & 0.75% basalt fiber) in hybrid form gives maximum 
flexural strength when compared to control concrete, individual fiber reinforced 
high volume flyash concrete and other hybrid mix. 
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Figure 35: Comparison of Flexural strength test results 
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4.3.1.3 COMPARISON OF FLEXURE STRENGTH FROM TEST 
RESULTS WITH PUBLISHED RESULTS 
In this section, closest possible comparisons with published results are 
presented, as there are no evidences of the exact type of mix and fibers used by 
other researchers. 
A) Comparisons based on steel fiber: 
Atis and Karahan, (2009) conducted an experiment with fly ash content of 0%, 
15% and 30% in mass basis, and steel fiber volume fraction at 0%, 0.25%, 
0.5%, 1.0% and 1.5%. It was found that steel fibers have no significant effects 
on flexural strength at 0.25% volume fractions, but the improvement in 
strengths ranged from 0% to 15% at 1% fraction. In comparison with Table 13 
(page 91) it can be seen that the strength improvement from test results was 
32% maximum increase for steel fiber mix at 1%. 
Uysal and Akyuncu, (2012) experimented with a total of 39 mixtures with 
different mix designs containing Turkish Class C and Class F fly ashes. The 
amount of flexural strength loss has been measured in the range between 5.38% 
and 29.8% for the mixtures containing Class C and Class F fly ashes. Siddique, 
(2004) performed an experiment with high volume class F flyash concrete and 
portland cement was replaced with three percentages (40%, 45%, and 50%) of 
Class F fly ash. It was found that the strength increase from 28 to 91 days was 
between 25% and 15%, depending upon flyash content. With reference to Table 
13 (page 91) it can be seen that the strength improvement for steel fiber mix 
was 24% at 0.5% and maximum increase of 32% for 1% steel fiber mix. 
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Comparing the above results, in general it is clear from test results that flexural 
strength results gives 24% strength increase at 0.5% steel fiber fraction and 
expand to 32% strength increase at 1% steel fiber mix. 
There are no adequate comparisons based on polypropylene fibers. 
B) Comparisons based on basalt fiber: 
Jiang et al, (2014) conducted an experiment with two different lengths of basalt 
fibers (12mm & 22mm).  No flyash was used in these experiments. It was found 
that 12 mm basalt fiber was found to have increased the flexural strength up to a 
maximum of 9.6% at 28 days and fiber length of 22 mm experienced an 
increase of 10.3% maximum at 28 days compared with the plain concrete.  In 
comparison with Table 13 (page 91) it can be seen that the maximum strength 
improvement from test results was 14% increase for basalt fiber mix at 1%.  
Comparing the above results it is clear from test results that flexural strength 
increases 4.2% at 0.5%, 7.75% strength increase at 0.75% and vary up to 14.7% 
strength increase at 1% basalt fiber fraction. 
C) Comparisons based on hybrid fibers: 
Hsie et al, (2008) performed an experiment with two types of polypropylene 
fiber (coarse monofilament & staple fibers) reinforced concrete. The coarse 
monofilament fiber volume fraction is at 3 kg/m3, 6 kg/m3, and 9 kg/m3 and the 
staple fiber volume fraction at 0.6 kg/m3. It was found that flexural strength of 
polypropylene hybrid fiber-reinforced concrete increased between 9% and 
24.6% at 28 days in comparison with control specimens. With reference to 
Table 13 (page 91) it can be seen that the maximum strength improvement in 
hybrid mixes range between 4% and 78%. 
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Comparing the above results, in general it is clear from test results that splitting 
tensile strength increases from 4% to 78% can be obtained at 28 days for hybrid 
fiber mix. A summary of the above comparisons with published results is 
presented in Table 14 and is graphically presented in Figure 36. 
 
Table 14: Comparison table of flexural strength improvement.  
Author 
Flexural strength in % 
improvement (published 
results) 
Test results 
(Thesis) 
Atis and Karahan, 2009 15% 32% 
Uysal and Akyuncu, 2012 29.8% 32% 
Siddique, 2004 25% 32% 
Jiang et al, 2014 9.6% 14.7% 
Jiang et al, 2014 10.3% 14.7% 
Hsie et al, 2008 24.6% 78% 
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Figure 36: Comparison of flexural strength improvements
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From the above comparisons, test results show that significant improvement in 
compressive strength, tensile strength and flexural strength can be obtained 
from a particular hybrid fiber reinforcement combination (1% steel fiber, 0.75% 
polypropylene fiber and 0.75% basalt fiber – Y3 mix) in high volume flyash 
concrete.  
Hybrid fiber reinforced high volume flyash concrete  as identified in this thesis 
can be a suitable replacement to normal OPC based on the observation that it 
provides ultimate strength increase in terms of the mechanical properties. In 
comparison to plain concrete, high volume flyash concrete, steel fiber 
reinforced concrete, polypropylene fiber reinforced concrete, basalt fiber 
reinforced concrete, steel fiber reinforced flyash concrete, polypropylene fiber 
reinforced flyash concrete and basalt fiber reinforced flyash concrete, the 
observed strength values of hybrid fiber reinforced high volume flyash concrete 
as identified in this thesis, seems to exceed previous research findings. 
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Chapter 5. Conclusions and future work 
Summary  
This research has shown that three fibers can be added in hybrid combination of 
1% steel fiber, 0.75% polypropylene fiber and 0.75% basalt fiber to achieve 
higher compressive strength. It has also shown that significant increase in 
tensile strength and flexural strength can be observed simultaneously leading to 
the suggestion that some of the negative effects of individual fiber additions can 
be negated. A limiting percentage for this combination at 3% overall has also 
been determined based on the workability of concrete.  
1) Based on the experimental analysis of test results, it is confirmed that 
cement in concrete can be replaced upto 50% by class F flyash with 
incorporation of hybrid fibers (steel, polypropylene & basalt). 
2) It was found that the compressive strength, indirect tensile strength and 
flexural strength of high volume flyash concrete increases by the addition 
of steel fiber, polypropylene fiber and basalt fiber in hybrid form as 
opposed to individual fibers.  
3) Favourable effects on mechanical characteristics were also observed from 
the study and there is substantial benefit with the addition of three fibers 
in combination in high volume flyash concrete. 
4) From the analysis presented, it can be concluded that a hybrid 
combination of 1% steel fiber, 0.75% polypropylene fiber and 0.75% 
basalt fiber provides best overall results. However other hybrid 
combinations were found to provide close strength values that were 
slightly less than the Y3 hybrid fiber combination. 
5) This leads to the suggestion that hybrid fiber high volume flyash concrete 
can be used to substitute OPC where feasible. For example, it may be 
used in lightly loaded precast infrastructure components and pavements.  
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6) Further observations include that hybrid fiber combination does not affect 
the workability up to fiber limit of 1% and significant drop in strength 
could be observed when the fiber combination exceeds 3% overall.  
7) Future analysis and experiments on high volume flyash concrete can 
involve the use of flyash up to 80% and also a detailed cost analysis to 
aid in the selection of proper hybrid combination. 
8) Further work may include the specimen analysis in terms of matrix 
formulations, cracking behaviour and numerical modelling can be 
undertaken to understand the mechanisms causing enhanced strength of 
hybrid fibers.  
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Figure 37: Close view of steel fibers (40mm) 
 
 
Figure 38: Close view of basalt fibers (12mm)  
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Figure 39: Close view of Polypropylene fibers (20mm)  
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Figure 40: Close view of Fibrillated form of polypropylene fiber 
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Figure 41: Part of the cylindrical specimens after concrete casting. 
 
 
 
  
Figure 42: Part of the beam specimens after concrete casting. 
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Figure 43: Part of the specimens under curing. 
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Figure 44: Part of the specimens under curing. 
 
 
Figure 45: Specimens kept ready for testing. 
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Figure 46: Crack pattern at ultimate failure load of cylindrical specimen. 
 
 
Figure 47: Longitudinal section of the cylindrical specimen after ultimate 
failure. 
 
 
   
124 
 
 
Figure 48: Crack pattern at ultimate failure load of cylindrical specimen (Y1). 
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Figure 49: Crack pattern at ultimate failure load of cylindrical specimen (Y3). 
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Figure 50: Part of the beam specimens marked and ready for testing. 
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Figure 51: Flexural strength setup before testing. 
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Figure 52: Crack pattern of beam specimen (Y1) after testing. 
 
 
Figure 53: Crack pattern of beam specimen (Y3) after testing. 
 
 
 
   
129 
 
 
 
 
 
 
 
 
        
 
 
 
 
Appendix 2 
 
   
130 
 
 
   
131 
 
 
 
 
   
132 
 
 
 
 
   
133 
 
 
 
 
   
134 
 
 
 
   
135 
 
Mechanical properties of high volume flyash 
concrete reinforced with hybrid fibers   
 
Rooban Chakravarthy  
RMIT University/School of Engineering, Melbourne, Australia 
Email: roobanchakravarthy@gmail.com 
 
Dr. Srikanth Venkatesan and Dr. Indubhushan Patnaikuni  
RMIT University/ School of Engineering, Melbourne, Australia 
Email: {*Contact author: srikanth.venkatesan@rmit.edu.au, patnaikuni@rmit.edu.au} 
 
Abstract: Flyash substitution to cement is a well-recognized approach to reduce CO2 
emissions. Flyash concrete is prone to brittle behavior but researchers have shown that 
addition of fibers can reduce brittle behavior. However, such works were based on the 
addition of either a single type of fiber or two types of fibers. In this research, three types of 
fibers – steel, polypropylene and basalt as 0%, 0.50%, 0.75% and 1% by volume of concrete 
were mixed in varying proportions with concrete specimens substituted with 50% flyash 
(Class F). All specimens were tested for compressive strength, indirect tensile strength and 
flexural strength over a period of 3 to 56 days of curing. Test results show that significant 
improvement in mechanical characteristics can be obtained using a particular hybrid fiber 
reinforcement combination (1% steel fiber, 0.75% polypropylene fiber and 0.75% basalt 
fiber). The observed strength values exceed previous research findings. It is noted that 
workability of concrete is affected when the fiber combination exceeds 3%. Thus a limiting 
value for adding fibers and the combination to achieve maximum strengths has been 
identified in this research.  
Keywords: Fiber reinforced concrete, high volume flyash concrete, fiber reinforcement, steel 
fiber, polypropylene fiber, basal fiber, hybrid fibers. 
1. Background: 
Flyash is generally an industrial waste obtained from burning coal. Flyash substitution to 
cement is a well-recognized approach to reduce CO2 emissions. Malhotra (1990) observed 
significant improvement in strength and durability with the substitution of high volume class 
F flyash in ordinary portland cement (OPC). Concrete in general and flyash concrete in 
particular with 50% or more high volume replacements can experience brittle behavior. 
Under these circumstances, researchers have trialled the addition of fiber reinforcements to 
concrete. Thomas (1972) observed that the addition of fibers can lead to improved stiffness of 
concrete or holding the matrix together after crack initiation or a combination of both 
mechanisms. Fiber reinforced cement composites were also observed to gain much higher 
strength for increasing strain rates in comparison to normal concrete (Naaman, 1983, Maalej, 
2005). Fundamentally the function of fibers as secondary reinforcement in concrete is to 
inhibit crack initiation and propagation and improve the mechanical properties of concrete 
such as compressive strength, tensile strength, flexural strength, impact resistance and 
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toughness (Yao et al.2003). While the addition of fibers provides better performance for the 
concrete the addition of fly ash provides better workability and strength gain (Hannant, 
1998). Clearly there is adequate research evidence to support the combinations of flyash 
concrete with fiber reinforcements mixed to enhance the mechanical properties. Some of 
these works are noted below. 
In the literature, three types of fibers that were added to flyash concrete are widely discussed: 
steel, polypropylene and basalt. With the addition of steel fibers concrete toughness is 
observed to be proportional to fiber content in both static and dynamic loading conditions 
Zollo, (1997) & Yet et al. (2012). Further, improvements in strain rates leading to enhanced 
strength were also noted. Steel fiber has been observed to provide better bond strength 
enhanced pull-out resistance (Zhang & Li, 2013). The equivalent bond strength of straight 
steel fibers, which are commonly used in ultra-high performance fiber reinforced concrete, 
can be doubled by optimizing the ultra-high performance concrete matrix through 
composition and particle size distribution, leading to typical pullout load slip hardening 
behavior which is desirable for high tensile strength, high energy absorbing and strain 
hardening of concrete (Zhang and Li, 2013). The steel fiber which has the ability to bond well 
throughout the concrete can provide better pull-out resistance as well. 
 Addition of polypropylene fiber has been found to improve the durability of concrete 
composites containing fly ash and silica fume but has slight adverse effect on the workability 
of concrete. In addition, water permeability, dry shrinkage strain and the depth of carbonation 
of concrete decrease gradually with the increase of fiber volume fraction (Qian & Stroeven, 
2000). As a member of polymer fibers, polypropylene fiber captivated the most recognition 
among researchers because of its enhanced shrinkage cracking resistance, low cost and its 
excellent toughness in the concrete (Banthia & Gupta, 2006, Alhozaimy et al. 1996; Toutanji 
1999; Yao et al. 2003; Komlos et al. 1995).  Polypropylene fibers improve the failure impact 
resistance of concrete and were observed to have no statistically influence on the compressive 
or flexural strength of concrete. Flexural toughness and impact resistance showed an increase 
in the presence of polypropylene fibers in the concrete (Alhozaimy et al. 1996; Bagherzadeh 
et al. 2012). A large number of polypropylene fibers distributing uniformly in the concrete 
composite can form a grid structure, which has supporting effect on the aggregate and 
decrease bleeding and segregation of the fresh concrete mixture (Kayali, 2004).  
The addition of basalt fiber can significantly improve deformation and energy absorption 
properties without notable enhancement in dynamic compressive strength (Li & Xu, 2009). 
Addition of basalt fibers up to 2% of concrete volume together with mineral admixtures 
improved the compressive strength and the improvement in the strains corresponding to 
maximum compressive strength (Ayub et al. 2014). The   basalt   fiber   significantly   
improves   the   tensile strength, flexural strength and toughness index, whereas the 
compressive strength shows no obvious increase (Jiang et al., 2014) and the degradation of 
basalt fiber in concrete can be found under microstructure analysis showing that basalt fiber 
changes into small parts which are different from its original form (Kabay, 2014).   Steel fiber 
is better as a strengthening material in high volume flyash concrete but the addition of basalt 
fiber resulted in decrease in compressive strength as the fracture energy and flexural strength 
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on the other hand improved with the addition of basalt fiber. As the basalt fiber content 
increased, the concrete showed higher ultimate loads, larger deflections before failure and 
higher fracture energy values (Sim et al., 2005). 
In summary, it can be noted that steel fiber (high modulus fiber) which is stronger and stiffer 
improves the concrete strength, while polypropylene fiber (low modulus fiber) has the 
capacity to strengthen brittle cementitious materials and is more flexible and has the property 
to retain heat for a prolonged time which leads to improved toughness, and strain capacity in 
the post-cracking section and retard early cracks. Basalt fiber which is high in oxidation 
resistance and radiation resistance, fracture energy and abrasion resistance leads to increase 
in the flexural strength. 
The above review of literature clearly suggests that various researchers have used steel, 
polypropylene and basalt fibers mostly as individual additions and rarely as combinations. 
Therefore, it is plausible to postulate that the combination of fibers may provide reasonable 
improvements overall and negate some of the disadvantages noted in the literature. This 
postulation requires an experimental investigation. The further sections of this paper present 
the experimental program and test results arising from the combination of fibers (steel, 
polypropylene and basalt) in hybrid form added to high volume flyash concrete. 
2. Experimental program: 
2.1 Materials: Cement - Type I Portland cement with specific gravity = 3.14; Fine aggregate 
- River sand that passed through 4.75 mm sieve and Coarse aggregate - granite stone that 
passed through 12.5 mm IS sieve and retained on 10 mm sieve were used. Fly ash procured 
from the Tarong power plant was used and it was tested in the concrete laboratory at RMIT 
University and the results are presented in Appendix – 1, Table A1. The steel fiber of length 
40mm and diameter 0.3mm, polypropylene fiber of length 15mm with diameter 100 µm and 
basalt fiber of length 12mm with diameter 20 µm were used in this experimental 
investigation. The water reducing admixture – Napthalene Formaldehyde Sulphonate 
(Sikament) was used in all mixing in the experimental work. Lime powder was used to 
improve the presence of alkali in flyash. Normal tap water is used for mixing the concrete 
throughout the experimental work. These materials are deemed to comply with respective 
material standards or properties. 
2.2 Specimen mix details: Control specimen is 50% cement and 50% class F flyash with no 
fibers. Although the percentage of flyash mix is dependent on a number of factors, there is 
sufficient agreement in the literature that brittle behaviour is dominant once the flyash 
percentage crosses 50%. The authors have used 50%-50% mix in our previous endeavors 
(Solikin et al, 2013). Variations of steel fiber are 0.5% and 1%; polypropylene at 0.5% and 
0.75% and basalt at 0.5%, 0.75% and 1%. These combinations are selected based on previous 
research studies expect basalt fibers. As basalt dissolves into the mix, it was decided to 
include three ranges into the mixing regime. These mix details are presented in table 1 below. 
Table 1: Specimen nomenclature 
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Sl.no 
Mix 
No 
Fibers 
Cement  
Class F 
Flyash  Steel 
fiber 
Polypropylene 
fiber 
Basalt 
Fiber 
1 C 0% 0% 0% 50% 50% 
2 S1 0.50% 0% 0% 50% 50% 
3 S2 1% 0% 0% 50% 50% 
4 P1 0% 0.50% 0% 50% 50% 
5 P2 0% 0.75% 0% 50% 50% 
6 B1 0% 0% 0.50% 50% 50% 
7 B2 0% 0% 0.75% 50% 50% 
8 B3 0% 0% 1% 50% 50% 
9 X1 0.50% 0.50% 0.50% 50% 50% 
10 X2 0.50% 0.75% 0% 50% 50% 
11 X3 0.50% 0.75% 0.75% 50% 50% 
12 X4 0.50% 0% 1% 50% 50% 
13 Y1 1% 0.50% 0.50% 50% 50% 
14 Y2 1% 0.75% 0% 50% 50% 
15 Y3 1% 0.75% 0.75% 50% 50% 
16 Y4 1% 0% 0.75% 50% 50% 
17 Y5 1% 0% 1% 50% 50% 
18 Y6 1% 1% 1% 50% 50% 
 
Cylindrical specimens were cast with dimensions of 100mm diameter x 200mm length for 
compressive strength test, cylindrical specimens with dimensions of 150mm diameter x 
300mm length for indirect tensile strength test and beam specimens with dimensions of 350 
mm x 100 mmx 100 mm for flexural strength test. The number of specimens used for this 
research is, 
 Compressive strength tests - 270 cylinders. 
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 Indirect tensile strength tests - 54 cylinders. 
 Flexure strength tests - 54 beams.   
Methodology for concrete mixing involved the following: 
5) Aggregates and sand were washed with water and completely dried. Then both were 
placed in the concrete mixer and dry mixed for 2 minutes.  
6) Cement, flyash and lime powder (5%) were added in the mixer with aggregates and 
sand and dry mixed for 2 minutes. 
7) Then fibers (steel fiber, polypropylene fiber and basalt fiber) were added one after 
another and dry mixed for 1 minute. Then normal water (85%) is added and mixed for 
approximately 2 minutes.  
8) Remaining mixing water (15%) and plasticizer were added to the mixer and mixed for 
3 minutes. Then the mixed concrete was cast into the specimen moulds and vibrated 
simultaneously in the vibrator for 1 minute to remove any air remained entrapped 
mainly to avoid voids. Each specimen was allowed to stand for 24 hours in concrete 
laboratory before demolding.  
2.3 Tests and methods: 
2.3.1   Compressive strength test (AS 1012.9) 
The compressive strength test was carried out in accordance with Australian standard (AS 
1012.9, 1999) using MTS machine with a loading capacity of 1000kN  and a loading rate of 
20 + 2 MPa/minute. Three cylindrical specimens (100mm diameter x 200mm length) were 
tested for compressive strength at the age of 3 days, 7 days, 14 days, 28 days and 56 days 
after casting. The average result of the three cylindrical specimens is reported. 
2.3.2 Indirect tensile strength (AS 1012.10) 
The Indirect tensile strength test was carried out in accordance with Australian standard (AS 
1012.10, 2000) using MTS machine with a loading capacity of 1000kN and a loading rate of 
1 + 0.1 MPa/minute provided with indirect tensile strength test equipment (Figure 1). Three 
cylindrical specimens (150mm diameter x 300mm length) were tested for flexural strength at 
the age of 28 days after casting.  The average result of the three cylindrical specimens is 
reported. 
The indirect tensile strength (T) of the specimen was calculated using Equation (1):  
LD
P
T

2000

                                 (1) 
 
Where: 
T =  Indirect tensile strength (MPa) 
P =  Maximum applied force indicated by the testing machine  
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L =  Length (mm)  
D =  Diameter (mm) 
 
 
 
 
 
 
Figure 1. Indirect tensile strength test machine (AS 1012.10, 2000) 
2.3.3 Flexural strength test - Four point bending test (AS 1012.11) 
The modulus of rupture development of concrete test was carried out in accordance with 
Australian standard (AS 1012.11, 2000) using hydraulic MTS testing machine having a 
loading capacity of 1000kN (Figure 2). Three beam specimens were tested for flexural 
strength until the maximum load is reached after 28 days of casting.  The average result of the 
three beam specimens is reported. 
The modulus of rupture (fcf) of the specimen was calculated using Equation (2): 
 
2
1000
BD
PL
fcf 
            (2) 
Where: 
fcf =  Modulus of rupture (MPa) 
P = Maximum applied force indicated by testing machine (kN)  
L = Span length (mm)  
B =  Average width of specimen at the section of failure (mm) 
D =  Average depth of specimen at the section of failure (mm). 
 
The modulus of rupture (fcf) is used to find the tensile strength of the concrete. The 
correlation between the modulus of concrete rupture and its tensile strength (fct) based on 
Australian Standard (AS 3600, 2009) article 3.1.1.3 (a) as follows: 
cfct ff 6.0            (3) 
Where: 
fct =  the uniaxial tensile strength (MPa) 
fcf =  the modulus of rupture in accordance with AS 1012.11 (MPa) 
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Figure 2. Flexural test machine (AS 1012.11, 2000) 
3. Results and discussion: 
3.1 Compressive strength 
An increase in compressive strength is clearly evident from Figures 3 and 4. In particular it 
can be seen that at 7 days (Figure 3) some of the mixes appear to have low strengths than X3, 
Y3 and Y5 while around 28 days the compressive strength values stabilize obviously due to 
curing of concrete. An average 30% increase in compressive strength of fiber specimens over 
control concrete is observed at 28 days with a peak value of 75% increase for specimen Y3 
(1% steel, 0.75% polypropylene and 0.75% basalt). At 56 days we observed no significant 
differences to 28 days, suggesting that 28days comparisons are reliable for further discussion. 
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Figure 3. Comparison of compressive strength for flyash concrete with hybrid fibers at 7 days 
 
Figure 4. Comparison of compressive strength with hybrid fibers at 28 days 
A comparison of Y3 mix, control mix strengths from Figures 3 & 4 with results of OPC 
strengths obtained by Colak, A (2006) is presented in Figure 5. This comparison clearly 
shows that the control mix has lower values than OPC whereas Y3 mix clearly has increased 
compressive strength than OPC. We also note there are other mixes such as Y5 that have 
greater strength than OPC. Therefore, it can be deduced that fiber mix proportions can ensure 
higher compressive strength than normal OPC. 
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Figure 5. Comparison of compressive strength for hybrid fiber mix Y3 and control mix with 
compressive strength of OPC from Colak, A (2006). 
3.2 Indirect tensile strength 
Figure 6 presents the comparison of indirect tensile strength test results of all mixes at 3 days, 
7 days, 14 days, 28 days and 56 days. There is a random strength increase throughout the 
duration of observation. 
Comparing indirect tensile strength test results, Y1 (1% steel fiber, 0.5% polypropylene fiber 
& 0.5% basalt fiber) and Y3 (1% steel fiber, 0.75% polypropylene fiber & 0.75% basalt 
fiber) in hybrid form gives higher tensile strength when compared to control concrete and 
individual fibers. 
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Figure 6. Comparison of indirect tensile strength for hybrid fibers at 28 days 
3.3 Flexural strength from four point bending tests 
Figure 7 presents the comparison of flexural strength test results at 3 days, 7 days, 14 days, 
28 days and 56 days. Slight increase in strengths can be observed throughout the duration of 
observation. Comparing flexural strength test results, Y1 (1% steel fiber, 0.5% polypropylene 
fiber & 0.5% basalt fiber) and Y3 (1% steel fiber, 0.75% polypropylene fiber & 0.75% basalt 
fiber) in hybrid form gives maximum flexural strength when compared to control concrete, 
individual fiber reinforced high volume flyash concrete and other hybrid mix. 
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Figure 7. Comparison of flexural strength for hybrid fiber mixes at 28 days 
Clearly the above figures have shown that the mix Y3 has significantly higher values across 
the testing regime. A brief investigation of the contribution of different mix proportions to the 
three strengths were analysed. Only the compressive strength values at 28 days are compared 
as the trend lines are similar for flexural and tensile strengths and the values are numerically 
smaller to highlight any comparison. First, the contribution of individual fibers is presented in 
Figure 8. It is interesting to note that polypropylene fiber provides higher strengths although 
the trend line for steel is linear. This might suggest that steel fiber may provide higher 
strength as the percentage is increased more than 1% as polypropylene and basalt tend to 
flatten out after 0.75%. Also basalt fiber at 1% has lower value than the other two fibers. This 
observation from Figure 8 in fact led us to the choice of different percentages in Table 1, i.e. 
it is clear that steel and polypropylene can be extended beyond 0.75% but basalt fiber 
addition can be stopped at 1%. However, we observed that workability of concrete mixes is 
affected when the combined percentage exceeds 3%. 
 
Figure 8. Comparison of compressive strengths among individual fiber mix 
A comparison of compressive strengths with hybrid combination is presented in Figure 9. It 
can be seen that hybrid combinations up to 1.75% lead to similar strengths but the noticeable 
jump is observed only at Y3 combination (a total of 2.5% with 1% steel, and polypropylene 
& basalt at 0.75%) and when all the three mixed at 3% the values drop down significantly. 
Clearly there is substantial benefit with the addition of three fibers in combination. 
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Figure 9. Comparison of compressive strengths with fiber mix at different proportions 
4. Concluding remarks: 
This research has shown that three fibers can be added as a hybrid combination to achieve 
compressive strengths higher than normal OPC, in particular with a hybrid combination of 
1% steel, 0.75% polypropylene and 0.75% basalt. It has also shown that significant increase 
in flexural strength and tensile strengths can be observed simultaneously leading to the 
suggestion that some of the negative effects of individual fiber additions can be avoided. A 
limiting percentage for this combination at 3% overall has also been determined based on the 
workability of concrete. Further work may include the analysis of specimens in terms of 
matrix formulations and cracking behaviour. 
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Appendix - 1: 
Table A1. CHEMICAL COMPOSITION OF FLYASH 
Characteristics 
Tarong 
flyash 
ASTM class F 
flyash 
SiO2  65.9 
The sum of SiO2 
+ Al2O3 + Fe2O3 
(min 70%) 
Al2O3  28.89 
Fe2O3 0.38 
TiO2 1.97   
MnO  0   
MgO  0.15   
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CaO  0.06   
Na2O  0.05   
K2O  0.26   
P2O5 0.08   
SO3 0.03 Max, 5% 
LOI   1.24 Max, 6 % 
 
 
Photos of specimens: 
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Figure A1. Specimens cast and ready for testing 
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(a)                                                                               (b) 
Figure A2. Crack patterns at ultimate failure load of control specimen (a) and  
specimen (Y3) (b). Shows reduced cracks in Y3 specimen. 
 
 
